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Regulation of gene expression is essential for cellular survival and complex responses 
or phenotypes. Improvements in sequencing technology enable investigation of RNA 
transcription as a means to understand complex biological systems. However, there is 
increasing evidence that the correlation between RNA abundance and protein 
abundance is weak, as the range of associated protein abundances observed for 
transcripts with similar abundance spans two orders of magnitude. This discrepancy in 
abundances can be partially explained by changes in transcript stability or translational 
efficiency, collectively known as post-transcriptional regulation. Single gene studies have 
demonstrated that post-transcriptional regulation by trans- or cis-acting factors is 
essential for cell survival and differentiation. Post-transcriptional regulation can be driven 
by trans-acting RNA binding proteins (RBP) or cis-acting RNA-encoded elements. 
Genome-wide RNA association studies have identified an extensive number of RBPs; 
however, the regulatory roles of these RBPs are largely unclear. We provide a method 
for generating and functionally characterizing post-transcriptional regulators in genome-
wide expression libraries. Briefly, we generate genome-wide expression libraries utilizing 
large-volume turbidostats. We then characterize the post-transcriptional regulation 
activity of each expression fragment through tethering to a reporter RNA encoding a 
fluorescent protein. Our method recovers known post-transcriptional regulators as well 
as novel regulators. We also performed a genome-wide survey for cis-acting RNA 
elements known as upstream open reading frames (uORFs). uORFs are thought to 
negatively regulate transcript translation by titrating ribosomes away from downstream 
coding sequence (CDS). Under translation-limited conditions, uORFs are thought to be 
bypassed in favor of the CDS.  We identified several previously uncharacterized uORFs 
as important regulators of the cellular stress response. In addition, we demonstrate that 
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uORFs are occupied in stress, arguing against the current model for uORF regulation. 
Collectively, our data provides a genome-wide view of post-transcriptional mechanisms 
by both trans- and cis-acting factors. 
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Introduction to post-transcriptional regulation and RNA binding proteins 
 
Preface 
Regulation of the subset of transcripts and proteins produced at a given time is essential 
for many processes, including stress response, development, and cellular homeostasis.  
The active unit of gene expression is typically the protein produced from translating a 
transcript; however many genome-wide studies use abundances determined from RNA 
sequencing as a proxy for protein expression. Several studies have demonstrated a 
weak correlation between RNA and protein abundances (Ingolia et al. 2009, 
Schwanhäusser et al. 2011, Li et al. 2014, Jovanovic et al. 2015, Cheng et al. 2015). 
One way in which this discrepancy can arise is through post-transcriptional regulation. 
Post-transcriptional regulation encompasses the processes regulating the lifespan, 
localization, and translational efficiency of an RNA molecule. One method by which post-
transcriptional regulation can be exerted is through the activity of RNA binding proteins 
(RBPs). There are several well-studied examples that describe the RBPs as essential 
regulators of stress, development, and additional pathways. To understand the field of 
post-transcriptional regulation, we first describe the history and study of RNA. Following 
this, we describe the post-transcriptional regulation of single genes. Finally, we discuss 
the current work and methodologies for post-transcriptional regulation. Together, the 
introduction reviews the background and future directions for understanding post-
transcriptional regulation.  
 




Although it is now clear that RNA and its regulation is biologically essential, this was not 
always appreciated. RNA was described as early as Miescher’s 1871 studies on 
“nuclein” and biochemically separated as a non-DNA nucleic acid in 1893 as “yeast 
nucleic acid” (Darnell 2011). However, both DNA and RNA were under-studied for 
several decades in favor of proteins. While DNA was established as the genetic material 
responsible for conveying information between generations (Avery et al. 1944; Watson 
and Crick, 1953)  after seminal studies in the 1940s and early 1950s, RNA studies 
remained relatively scarce.  
 
The study of RNA in the 1940s and 1950s focused on cytoplasmic RNA and its role in 
the synthesis of protein. Jean Brachet proposed this connection in 1941 (Darnell 2011). 
In work that continued from 1943 and into the early 1950s, Albert Claude used the new 
technology of ultracentrifugation to separate RNA and protein containing “microsomes” 
from cellular lysate. He further characterized microsomes using electron microscopy 
(EM; Rheinberger 1995, Darnell 2011). In the mid-1950s, Paul Zamecnik’s group 
specifically demonstrated that the combination of RNA and protein from microsomal 
fractions was capable of protein synthesis (Littlefield et al. 1955) in what we now 
recognize as the ribosome. Ribosomes are perhaps one of the earliest examples of 
functional ribonucleoprotein complexes (RNPs); however, the interplay between 
ribosomal RNAs (rRNAs) and ribosomal proteins is still being actively researched. 
 
It was clear in the late 1950s that RNA was necessary for translation in the context of the 
ribosome, and advances in the 1960s demonstrated that the intermediate polymer we 
now know as messenger RNA (mRNA) acted as a template for ribosome-mediated 
translation. The Brenner-Jacob-Meselson experiments published in 1961 provided 
evidence that newly synthesized bacteriophage RNA associated with pre-existing 
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bacterial ribosomes to generate bacteriophage protein product (Brenner et al. 1961). 
These intermediate RNA products were shown to be transcribed from defined genomic 
loci using molecular hybridization (Hayashi et al. 1963). With these experiments and 
several others, it became clear that RNA served as an intermediate messenger for 
conversion of DNA-encoded information to protein (reviewed briefly in Penman et al. 
1963 and extensively in Darnell 2011).  
 
The hybridization of messenger RNA (mRNA) to DNA provided additional information 
about the life cycle and regulation of mRNAs. At this point, rRNA was known to be 
processed from a larger precursor into a smaller, functional sequences (Scherrer et al. 
1963). A similar size discrepancy was seen in cytoplasmic versus nuclear non-ribosomal 
RNA (Tonegawa et al 1973). Molecular hybridization of adenovirus mRNA to DNA 
resulted in several loops of unmatched DNA, suggesting that RNA processing occurred 
in a manner that connected non-contiguous transcribed sequences together in mature 
cytoplasmic RNA molecules by the process now known as splicing (Berget et al. 1977; 
Chow et al. 1977) . It also provides one of the first examples of RNPs regulating RNA 
biology. The studies of RNPs in splicing began with a clinical observation of antigen-
reactive RNP species from the sera of systemic lupus erythematosus (SLE) patients in 
1971 by Mattioli and Reichlin. These were further characterized by Lerner and Steitz in 
1979 who found that this population consisted of multiple RNP species. Lerner et al. and 
Rogers and Wall hypothesized a link between these RNPs and splicing in 1980. Direct 
evidence for their necessity in pre-mRNA processing was provided in 1983 by Padgett et 
al. and throughout the following decade (for examples, see Frendeway and Keller, 1985; 
Bringmann and Lührmann, 1986; review in Dreyfuss et al. 1988). These early studies of 
splicing provide some of the first insights into protein-containing complexes as important 
players in co-transcriptional regulation of RNA fates. Subsequent advancements have 
 
4 
characterized the steps and proteins required for mRNA biogenesis: transcription start 
site (TSS) selection, alternative splicing, polyadenylation signal sequence selection, and 
more. In the years following, studies began to illuminate that the complexities of mRNA 
regulation extend from nuclear co-transcriptional events into cytoplasmic post-
transcriptional regulation.  
 
2. History of RBPs in post-transcriptional regulation 
 
One of the first studies of post-transcriptional regulation focused on the essential 
process of localization and incorporation of membrane-associated proteins. Blobel and 
Dobberstein (1975) observed targeting of the transcript encoding murine immunoglobulin 
to the ER on actively translating ribosomes. They hypothesized that mRNA transcripts 
for membrane-targeted proteins contained a cis-acting feature in the emerging peptide 
that could drive ER localization; however, recognition and localization of the actively 
translating transcript required the action of an adaptor. Walter and Blobel (1982) 
identified a particle responsible for targeting composed of 6 previously identified proteins 
and a 7S RNA; they termed this RNP the signal recognition particle (SRP). The SRP 
identifies a series of hydrophobic residues in the emerging nascent peptide chain (NC; 
reviewed in Walter and Lingappa 1986; Akopian et al. 2013). Upon signal peptide 
recognition, the SRP interacts with the ribosome and mRNA to pause translation (Walter 
et al. 1981). The transcript and ribosome NC (RNC) are directed by SRP-driven 
interactions to the ER SRP receptor; here, the ribosome resumes translation concurrent 
with translocation of the peptide into the membrane, and the SRP is released and 
recycled for subsequent targeting events (reviewed in Walter and Lingappa 1986, 
Akopian et al. 2013). Thus, the SRP can be thought of as an RBP complex that 




Concurrent with studies of SRP, regulated mRNA localization and translation were 
recognized to be important for Drosophila melanogaster embryogenesis. The early 
Drosophila embryo is a syncytium for the first 13 rounds of nuclear division; during this 
time, the zygotic genome is largely transcriptionally silent (Zalokar, 1976). Early 
transplantation assays established that embryonic patterning decisions are established 
prior to cellularization and activation of zygotic nuclei (Kauffman 1980; discussed in 
Mahowald and Hardy, 1985). As such, many of the early patterning decisions are 
dependent on regulation of maternally deposited mRNA (for examples, see Bull 1966, 
Lehmann and Nüsslein-Volhard 1986, Schupbach and Wieschaus 1986). Direct 
connection of phenotypes to regulated mRNA localization and translation remained 
elusive until the application of in situ hybridization for mRNA (Gall and Pardue, 1969; 
Hafen et al. 1983) and antibody-affinity protein identification (Coons et al. 1941; Klämbt 
and Schmidt, 1986).  
 
Regulation of the bicoid mRNA serves as a historical paradigm for understanding spatial 
patterning in the Drosphila embryo and in cellular biology in general. Bicoid is essential 
for establishing the anterior pole; mutants of bicoid lack anterior head and thorax 
structures (Frohnhöfer and Nüsslein-Volhard, 1986). Transplantation of wild-type bicoid 
cytoplasm into bicoid mutants is capable of rescuing abdominal structures in a location 
and dose dependent manner, suggesting a concentration-dependent gradient emanating 
from an anchored site (reviewed in Nüsslein-Volhard et al. 1987). Use of in situ 
hybridization showed establishment of localized bicoid mRNA at the anterior pole of the 
oocyte during oogenesis and nurse cell contribution (Berleth et al 1988; Johston et al. 
1989). In contrast, Bicoid protein is not detectable by antibodies until after fertilization; 
moreover, the protein extends much further down the anterior-posterior (A-P) axis than 
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the corresponding transcript (Dreiver and Nüsslein-Volhard, 1988). The temporal and 
spatial control of bicoid mRNA localization and translation requires the interplay of a 
number of proteins. Exupurantia and Exu-like bridge the 3′ untranslated region (UTR) of 
bicoid for transport along microtubules into the anterior pole from nurse cells 
(MacDonald et al. 1995; Cha et al. 2001). Anchoring at the pole is provided by a number 
of proteins, including Staufen, ESCRT-II, and others (reviewed in Lasko 2012). Some yet 
unknown protein drives poly(A) lengthening and translational activation upon fertilization 
(Sallés et al. 1994) with stabilization of the transcript potentially driven by Pumilio 
(Gamberi et al. 2002). Transcript stability is also tightly regulated in the Drosophila 
embryo (reviewed in Temme et al 2014) and a key point for RBP-mediated post-
transcriptional regulation across eukaryotes.   
 
Transcript stability is globally regulated through RBP-mediated post-transcriptional 
action.  In 1963 Penman et al. established that the abundance of eukaryotic mRNAs 
decreases after observing a decline in cytoplasmic mRNA signal in the absence of new 
transcription. Pulse-chase experiments using radioactive nucleotides during the 1970s 
and 1980s demonstrated that mRNAs exhibit a range of decay rates (reviewed briefly in 
Darnell 2011 and extensively in Belasco and Brawerman 1993). These experiments 
revealed two important molecular details about the regulation of transcript stability. First, 
poly(A) tail length changes over time (Gorski et al. 1975) and transcript stability 
correlates with poly(A) length (Nudel et al 1976). Second, poly(A) binding protein (PABP) 
affects the stability of transcripts by protecting the poly(A) tail from nuclease attack 
(reviewed in Bernstein and Ross 1989, Belasco and Brawerman 1993). Although these 
early studies focused predominantly on globin mRNA, we know now that regulating 
stability is important for a variety of biological functions including but not limited to 
responding to stress (reviewed in Khabar 2014, Schoenburg and Maquat 2012), 
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inhibiting host translation during viral infection (Glaunsinger and Ganem 2006), and 
differentiation of diverse tissue types (reviewed in Belasco and Brawerman 1993, 
Temme et al. 2014).  
 
As a part of these varied regulation pathways, disruption of the Pabp-poly(A) tail 
interaction shortens the poly(A) tail and initiates decapping and exonucleolytic decay 
(reviewed in Belasco and Brawerman 1993, Beelman and Parker 1995). One of the 
RBPs recruited as a result of poly(A) shortening and Pabp disruption is Ccr4-Not, a 
multi-protein complex conserved in eukaryotes (reviewed in Collart and Timmers 2004, 
Coller and Parker 2004, Doidge et al. 2012, Temme et al. 2014). When recruited to a 
transcript with a pre-shortened poly(A) tail, the complex acts at both the 5′ and 3′ end of 
the transcript to promote decay. First, Ccr4-Not promotes 3′ to 5′ exonucleolytic 
digestion by completing poly(A) tail removal through its Ccr4 deadenylases (reviewed in 
Shirai et al. 2014, Collart and Timmers 2004). Second, 5′ to 3′ decay is driven by Ccr4-
Not scaffolding the recruitment of decapping factors and subsequent decay machinery 
(reviewed in Collart and Timmers 2004, Shirai et al. 2014). In knockout studies, Ccr4-Not 
and its subunits have been shown to be important in regulating both general and specific 
subsets of transcripts accounting for approximately 85% of the yeast genome (Azzouz et 
al. 2009).  
 
One specific example of Ccr4-Not recruitment and decay is as a component in the 
micro-RNA (miRNA) driven degradation process (Fabian et al. 2011). Post-
transcriptional regulation by small RNAs (smRNA) was first described in 1993 and has 
been an active area of study since. The Ruvkun (Wightman et al. 1993) and Ambros 
(Lee et al. 1993) labs simultaneously described repression of the lin-14 transcript 
dependent on RNA-RNA interaction with the small RNA lin-4 (reviewed in Darnell 2011; 
 
8 
He and Hannon 2004). Double stranded smRNA homology-dependent regulation was 
established as a genome-wide and evolutionary conserved mode of regulation through 
two papers from the Ruvkun lab in 2000 (Pasquinelli et al. 2000; Reinhart et al. 2000). 
The mechanism and associated RBPs for endogenous dsRNA processing and target 
repression were discovered in the years immediately following (reviewed in He and 
Hannon 2004). Briefly, cells transcribe long endogenous imperfect RNA hairpins, 
primary microRNAs, that undergo a number of nuclear processing steps to produce 
single-stranded micro-RNAs approximately 22 nucleotides in length (reviewed in Ha and 
Kim, 2014). As a part of the miRNA production process, the miRNA is loaded into a 
member of the Argonaute (Ago) family of RBPs. Ago proteins cooperate with additional 
factors (e.g., Gw182) to form what is called the RNA-induced silencing complex (RISC; 
Eulalio et al. 2008). The RISC is localized to mRNA transcripts bearing at least partial 
complementarity to the loaded miRNA. Once bound to a target mRNA, the RISC 
proteins can recruit additional proteins such as Ccr4-Not (Fabian et al. 2011; review of 
associated proteins in Tritschler et al. 2010, Ho and Mardsen 2014) to first drive 
translational repression (Bazzini et al. 2012, Djuranovic et al. 2012) followed by 
transcript degradation (Guo et al. 2010). Importantly, because miRNAs can target many 
mRNAs concurrently, understanding the full scope of miRNA-mediated regulation 
requires moving from single gene studies into genome-wide experiments (highlighted 
through the genome-wide in silico predictions as early as Pasquinelli et al. 2000, 
reviewed in He and Hannon 2004, and demonstrated in Giraldez et al. 2006).  
 
Much of what we understand about post-transcriptional regulation comes from these 
specific historical examples: mRNA localization (SRP and Drosophila embryogenesis), 
translational repression (SRP, Drosophila embryogenesis, and miRNA), and regulation 
of transcript stability (Drosophila embryogenesis and miRNA). These early examples 
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provided the paradigms by which we define subsequent RBPs. We ask mechanistic 
questions about what transcript the protein binds, how specificity is achieved, and what 
role the RBP plays in the regulation of transcript localization, translation, and stability.   
 
3. Mechanistic examples of RBPs  
 
The mechanism of RBP binding, specificity, and target regulation has been well defined 
for a number of RBPs. In this section, we focus on a few examples that define 
characteristics we can use to develop a framework to understand new RBPs and their 




As described in the previous section, restricting the expression of mRNAs in the early 
Drosophila syncytium is essential for embryogenesis. The anterior organizer, Bicoid, is 
described above; the posterior organizer is Nanos (Lehmann and Nüsslein-Volhard 
1986, Lehmann and Nüsslein-Volhard 1991). Along the anterior-posterior axis, the 
localization of nanos is the inverse of bicoid: posterior localization of mRNA and a 
posterior-to-anterior gradient of protein (Wang et al. 1994). After the establishment of the 
initial anterior-posterior gradients, there is a second stage of pattern formation 
dependent on several genes, including the RBP Pumilio (Lehmann and Nüsslein-
Volhard 1987b; reviewed in Nüsslein-Volhard et al. 1987). Mutants for pumilio are 
missing abdominal segments but maintain a normal posterior; moreover, the pumilio 
product was not capable of generating abdominal segments, suggesting that it mitigates 
its regulation via other signaling molecules (Lehmann and Nüsslein-Volhard 1987b). In 
subsequent studies, Pumilio has been implicated in varying protein complexes for 
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diverse responses of many different mRNAs (Parisi and Lin 1999, Wickens et al. 2002, 
Gerber et al. 2006).  
 
The effect of Pumilio is perhaps best studied through its interactions with another of the 
Drosophila patterning genes, hunchback. Similar to many other Drosophila morphogens, 
hunchback was first identified by the morphological and segment abnormalities caused 
by its absence; specifically, Hunchback is important for formation of the abdomen as 
mutants lack gnathal structures and thoracic bands (Lehmann and Nüsslein-Volhard 
1986). Hunchback protein is localized in a gradient from anterior to posterior similar to 
bcd; however, in contrast to bcd, hunchback mRNA is evenly distributed across the early 
embryo (Tautz 1988, Tautz and Pfeifle 1989). In the absence of Nanos, the Hunchback 
gradient extends further into the posterior (Tautz 1988; Wharton and Struhl 1991). 
Pumilio acts as a third factor in the regulation of hunchback translation, as demonstrated 
in loss of localized Hunchback expression in pumilio mutants (Lehmann and Nüsslein-
Volhard 1987a, Lehmann and Nüsslein-Volhard 1991, reviewed in MacDonald 1992, 
reviewed in Barker et al. 1992).  
 
Pumilio regulation of hunchback mRNA is dependent on the localization of Pumilio to the 
transcript. However, early studies of the Pumilio protein sequence did not identify any 
known RBDs (Macdonald 1992; Murata and Wharton 1995). It was shown, however, that 
the hunchback mRNA has two conserved sequences in the 3′ UTR. These sequences 
were originally named Nanos responsive elements (NREs) as they were identified as 
essential for Nanos-mediated repression of hunchback mRNA in the embryonic posterior 
(Wharton and Struhl 1991). In line with the recognition that the loss of Hunchback 
localization seen in Nanos was dependent on Pumilio (Barker et al. 1992), it was shown 
that NREs were actually bound by Pumilio rather than Nanos (Murata and Wharton, 
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1995). With binding sites for Pumilio identified in hunchback mRNA, it was possible to 
define the protein region of Pumilio necessary for recruitment (Zamore et al. 1997). 
Importantly, recognition of this RBD founded an entire family of RBPs with similar RBDs 
(Zamore et al. 1997). Pumilio bound to hunchback mRNA then recruits Nanos (Murata 
and Wharton 1995). The Nanos- and Pumilio-bound hb mRNA is deadenylated (Wreden 
et al 1997) and separately translationally repressed (Chagnovich and Lehmann, 2001; 
Sonoda and Wharton, 2001). Translational repression is the result of brain tumor protein 
(Brat) binding to the hunchback mRNA-Pumilio-Nanos complex (Sonoda and Wharton, 
2001). Brat recruits the cap-binding competitor d4EHP, which in turn represses 
translation by preventing binding of the canonical ribosome recruitment factor eukaryotic 
initiation factor 4E (eIF4E; Cho et al. 2006). While these mechanisms were uncovered 
by the study of hunchback mRNA regulation, additional studies have identified many 
other Pumilio targets in the Drosophila transcriptome (Gerber et al. 2006). This gives 
Pumilio two roles across the genome: first, it offers specificity for transcript selection, and 
second, it acts as a scaffold for protein-protein (Brat-d4EHP) interactions that can enact 
post-transcriptional regulation.  
 
Pumilio is the establishing member of a much larger family of PUF (Pumilio and F box) 
proteins that are characterized by a regular eight helix repeat RNA binding domain 
(Zamore et al. 1997; reviewed in Filipovska et al 2001). PUF proteins are conserved 
across eukaryotes and participate in a wide range of post-transcriptional regulatory 
pathways, including glucose stress-response through Puf3 in yeast (Lee and Tu, 2015), 
anti-viral defense in mammalian cells (reviewed in Schwerk et al, 2015), and more (see 
Quenault et al. 2010 for additional review). Moreover, Pumilio and the many other 
members of the PUF family exemplify two characteristics of RBP-mediated post-
transcriptional control: first, driving localized mRNA translation or repression, and 
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second, separating the activities of transcript specificity and post-transcriptional control 




Although the unicellular budding yeast Saccharomyces cerevisiae is far smaller than the 
syncytial Drosophila embryo, localized translational control is essential for the yeast life 
cycle. Haploid wild-type S. cerevisiae can switch mating type (from a to α and vice-
versa) through HO-mediated (Homothallic switching endonuclease) rearrangement of 
the mating type locus (reviewed in Herskowitz, 1988). However, this mating-type switch 
only occurs in cells that have budded at least once (mother cells), but not in newly 
generated daughter cells. Screens for cells in which the daughter cells were capable of 
switching mating type prior to their first cellular division recovered the gene ash1 
(asymmetric synthesis of HO; Sil and Herskowitz 1996; Bobola et al. 1996). Its protein 
product, Ash1, is located predominantly in the nucleus of the daughter cell where it 
represses transcription of HO (Sil et al. 1996; Bobola et al. 1996). She1-5 (Swi5-
dependent HO expression) proteins are important for the asymmetric distribution of 
Ash1p (Jansen et al. 1996). 
 
As discussed previously about Bicoid in Drosophila, asymmetric protein distribution can 
result from regulated mRNA localization. Several labs simultaneously reported that ash1 
mRNA is asymmetrically distributed to the distal tip of the developing daughter cell (Long 
et al. 1997; Takizawa et al 1997). Moreover, this localization is dependent on the ash1 
mRNA 3′ UTR and She1–5 proteins (Long et al. 1997; Takizawa et al 1997; Bertrand et 
al. 1998). Similar to Pumilio regulation of hunchback mRNA 3′ NREs, specificity for ash1 
mRNA is established through an RBP interacting with the CDS and structural elements 
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in the 3′ UTR (Gonzalez et al. 1999; Chartrand et al. 1999). The ash1 mRNA-specifying 
RBP is She2 (Long et al. 2000; Böhl et al. 2000) which interacts with several proteins. In 
the nucleus, She2 cooperatively loads the RBPs Loc1 (Long et al. 2001; Shahbabian et 
al. 2014) and Puf6 (Gu et al. 2004; Shahbabian et al. 2014). In the cytoplasm, She2 
interacts with proteins required for transport (She3 and She1/Myo4) and membrane 
tethering of the ash1 transcript (She5p/Bni1; Takizawa and Vale, 2000; Long et al. 2000; 
Böhl et al. 2000).  
 
The asymmetric distribution of Ash1 depends on the localization of ash1 mRNA 
(Chartrand et al 2002; Irie et al. 2002). To restrict the region of Ash1 expression, ash1 
mRNA remains translationally repressed until it is delivered to the distal tip of the 
daughter cell (Chartrand et al 2002; Irie et al. 2002). Translational repression is 
mediated through at least two proteins -- Khd1 (Irie et al. 2002) and Puf6 (Gu et al. 
2004). Puf6 represses translation through interaction with eIF5B (eukaryotic initiation 
factor 5B) to prevent 60S subunit recruitment (Deng et al. 2008). Khd1 binds eIF4G1 
(eukaryotic initiation factor 4G1) and drives translational repression through an unknown 
mechanism (Paquin et al. 2007). Both Puf6 and Khd1 are phosphorylated by bud tip-
localized kinases. This modification decreases their affinity for RNA (Deng et al. 2008; 
Paquin et al. 2007). Once Khd1 and Puf6 are released from the ash1 transcript, 
translational repression is abrogated, and translation of the ash1 mRNA can occur at the 
distal bud tip.  
 
The study of ash1 mRNA localization and translational repression provides an important 
case study for modes of RNA binding of proteins (She2, Puf6, and Khd1) in both the 3′ 
UTR and the body of the gene. In addition, the complex network of protein-protein 
interactions (She2-Myo4, She2-She3, Puf6-eIF5B, Khd1-eIF4G1) highlights the 
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substantial interplay between multiple pathways to drive regulation of developmentally 




In addition to transcript specificity being provided by a protein, transcripts can be 
targeted for post-transcriptional regulation through Watson-Crick base-pairing with small 
RNA (smRNA) molecules. One of the extensively studied smRNA pathways is 
microRNA (miRNA) mediated regulation. These miRNAs are 20-22 nucleotide RNAs that 
are derived from longer, endogenous hairpins (He and Hannon 2004; Kim 2005, Winter 
et al. 2009; Ha and Kim 2014) and delivered to the Argonaute (Ago) protein and its 
associated RNA induced silencing complex (RISC). The RISC complex is directed to 
specific targets through a combination of perfect pairing (seed sequence, 6–8 
nucleotides) and imperfect pairing between the target transcript and loaded miRNA 
(Schirle et al. 2014). Regulation by miRNAs has been implicated in a number of 
developmental pathways (miR-430 in zebrafish, Giraldez et al. 2006; lin-4 in C. elegans, 
reviewed in He and Hannon 2004) as well as in the establishment of human disease 
(reviewed in Li and Kowdley 2012). While their wide-ranging consequences are a result 
of miRNA complementary base-pairing, the mechanism for localization to and repression 
of the target transcript is remarkably well conserved.  
 
A central component of RISC is the Gw182 protein. Like the early discoveries on 
snRNPs, Gw182 was originally discovered through sera antibodies of patients with 
autoimmune disease (Eystathioy et al. 2002). Gw182 has a functional RNA binding 
domain responsible for binding a large number of mRNA molecules (Eystathioy et al. 
2002). Importantly, Gw182 and its associated mRNAs often occurred in cytoplasmic 
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punctae that did not colocalize with any known organelle markers, earning these 
structures the name GW bodies (GWB, Eystathioy et al. 2002). Proteins associated with 
mRNA decay were identified in the GWB, consistent with the known composition of 
mRNA degradation punctae, processing bodies (P-bodies), in yeast (reviewed in Stinton 
et al. 2004). Gw182 was identified as a part of the RISC through Argonaute 2 (Ago2)  
 colocalization studies (Sen and Blau 2005) as well as being required for miRNA-
mediated decay (Rehwinkel et al. 2005). Studies in 2006 (Behm-Ansmant et al.) and 
2008 (Eulalio et al.) established Gw182 as an essential component for proper miRNA-
RISC and Ago function. The inclusion of Gw182 in RISC for miRNA silencing opens 
questions about how Gw182 directs post-transcriptional regulation. Given the role of 
RBDs in directing post-transcriptional regulation (e.g. Pumilio and She2p), we can start 
to answer these questions by approaching the structural characteristics of Gw182 
protein.  
 
Gw182 has several characterized domains, including the eponymous GW repeat-rich 
domains at the N-terminus and silencing domain (Eulalio et al. 2009b). As mentioned 
previously, Gw182 interacts with Ago as well as components of the mRNA destabilizing 
machinery (Rehwinkel et al. 2005; Behm-Ansmant et al. 2006; Eulalio et al. 2008). 
Behm-Ansmant et al. (2006) used tethering assays to establish that the N-terminal GW 
domains are necessary for interacting with Ago for productive miRNA-mediated 
repression (also reviewed and named Ago-binding domain in Eulalio et al. 2009b). 
Briefly, tethering assays utilize small RNA hairpins usually placed in the 3′ UTR of a 
reporter gene. Small viral peptides display high-affinity interactions for these hairpins 
and can be used to drive artificial recruitment of a protein domain of interest to assay its 
effect on the reporter gene (reviewed in Baron-Benhamou et al. 2004; Coller and 
Wickens 2007; Keryer-Bibens et al. 2012). Tethering assays also functionally 
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characterized the RRM (Eulalio et al. 2009a) and DUF (Lazzaretti et al. 2009; Zipprich et 
al. 2009) domains for their interaction with various mRNA decay complexes (reviewed 
and named the silencing domain in Eulalio et al. 2009b). Specifically, this silencing 
domain directly interacts with Pabp to compete for cap-binding and drive decapping 
(Zekri et al. 2009, reviewed in Tritschler et al. 2010) as well as directly recruiting Ccr4-
Not to promote deadenylation and downstream degradation (Chekulaeva et al. 2011; 
Fabian et al. 2011). Through the Ago-binding domain, Gw182 is capable of assisting in 
the RNA-RNA mediated recruitment of miRNA-loaded Ago. Through the silencing 
domain, Gw182 acts to drive both translational repression and transcript degradation. 
The activities of these domains are separable, as shown by tethering assays. The ability 
to separate domains and retain their function is a key feature in many post-
transcriptional regulators, and one that allows us to study individual protein domains for 
their post-transcriptional activity. Moreover, Gw182 demonstrates the paradigm of one or 
more RBPs acting as RNA binders with activation or repression provided by the 
recruitment of additional protein factors. 
 
Pumilio, ash1 mRNA, and Gw182 are three well-studied examples of RBP-mediated 
regulation. They provide paradigms for understanding how recruitment of co-regulators 
can regulate transcript lifespan as well as how the activities of transcript binding and 
regulator recruitment can be separated and studied individually. These single gene 
studies have provided invaluable information for our understanding of the involvement of 
RBPs in post-transcriptional regulation.  
 




Advances in technology, including microarrays, high-throughput sequencing, and 
improvements in mass spectrometry, have made it possible to extend single-gene 
studies to genome-wide approaches. Systematic approaches to understanding RBPs 
aim to answer three questions: what proteins bind RNA, what RNAs do these proteins 
bind, and what role do these RBPs play in RNA regulation?  
 
Computational prediction of RBP and RBP targets 
 
Many of the computerized databases of RBPs have their basis in literature reviews. 
Cook et al. (2010) used the information from a literature review to establish the RNA 
Binding Protein Database (RBPDB). Other internet-accessible collections of aggregated 
data include sources like the Gene Ontology Consortium (Gene Ontology Consortium 
2015) and organism-specific sites like the Saccharomyces Genome Database (SGD; 
Cherry et al. 2011). Tsvetanova et al. (2010) and Gertsberger et al. (2014) have created 
manually curated lists of RBPs from genome databases for S. cerevisiae and 
mammalian cells respectively. While these methods are not inherently high-throughput, 
they are often used as benchmarks and guidance for RBP screens.  
 
Several studies have aimed to expand on predicted RBPs and target mRNAs using 
algorithmic predictions on sequence and structural information (reviewed in Si et al. 
2015). As discussed with Pumilio, there are known families of RBPs, typically defined by 
similarities in protein sequence and structure. Some examples of this include the 
aforementioned PUF family, proteins bearing K-homology (KH) domains, and the small 
RNA associated Piwi-Argonaut-Zwille (PAZ) domain proteins, and many others 
(reviewed in Lunde et al. 2007; Glisovic et al. 2008; Cook et al. 2010; Cléry and Allain 
2015). By observing conserved residues and motifs from some members of a family, it is 
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possible to computationally predict additional family members using genomic or 
proteomic sequence. Han et al. (2004) use the primary sequences of known RBPs to 
train support vector machines (SVM) to identify RBPs as well as specific domains (e.g. 
KH domain). SVMs are one form of machine learning (ML); additional ML approaches 
applied to RBP prediction include Bayesian networks (Choi and Han 2011) or random 
forests (Ma et al. 2015). In general, each iteration of ML algorithm works to incorporate 
additional metrics to predict RBPs based on protein sequence, protein structure, and 
evolutionary conservation (see Shao et al. 2009, Kumar et al. 2011, Ma et al. 2015 for 
additional examples; review provided by Si et al. 2015). While these studies extended 
machine learning to the study of RNA-protein interactions, they are inherently limited by 
existing datasets that define an RNA binding protein. Candidate sequences identified as 
false positives (predicted RBP not annotated as an RBP) may in fact show RNA binding 
activity, but we lack data in support of this function. A historical example comes from 
Pumilio, which was originally not predicted to have RNA binding activity based on what 
was known about RNA binding protein motifs at the time (MacDonald 1992); however, it 
is now the founder of an expansive family of RBPs (Filipovska et al 2001). 
Computational studies are limited because they require information from previous 
studies to set expectations and predictions. This limitation is especially important given 
that many of the proteins identified in RNA-interaction studies lack known RBDs 
(Tsvetanova et al. 2010; Beckmann et al. 2015).  
 
Similar to the work done for predicting RBPs, several computational models exist to 
predict the targets and binding specificity of RBPs. Sequence-level binding preferences 
can be predicted using an algorithm originally designed for DNA and protein motif 
identification: Multiple EM (Expectation Maximization) for Motif Elicitation (MEME) 
(Bailey and Elkan 1995; Bailey et al. 2006). Briefly, larger sequences containing the 
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RBPs smaller preferred binding site are experimentally derived through cross linking 
immunoprecipitation (CLIP, Ule et al. 2003) or systematic evolution of ligands by 
exponential enrichment (SELEX, Ellington and Szostak 1990; Tuerk and Gold 1990). 
The MEME algorithm derives matching subsequences or motifs from a collection of 
sequences in a mathematically rigorous way without prior knowledge about the expected 
subsequence. However, in contrast to DNA, RNA has more opportunity and flexibility to 
develop secondary structure. Because of this, RNA specificity can occur through 
structure-level information as well as sequence-level specificity. MEME in RNAs 
Including secondary Structure (MEMERIS, Hiller et al. 2006) incorporates the EM on 
maximum likelihood (ML) of MEME to include an additional layer of calculation that 
describes the probability of a nucleotide to be base paired or unpaired (PU, Hiller et al. 
2006). Hiller et al. (2006) can identify motifs in both simulation and biological datasets. 
Several improvements have been made on MEME and MEMERIS in recent years 
(reviewed by Li et al. 2013). Two examples are RNAContext which incorporates RNA 
looping information (Kazan et al. 2010) and GraphProt which preserves complex, multi-
nucleotide secondary structures using graph-based encoding (Maticzka et al. 2014). As 
with identifying RBPs, there are web-based interfaces for some of the existing 
computational methods such as RBPmotif (Kazan and Morris 2013). These modeling 
softwares are limited by built in assumptions; for example, RNA folding predictions may 
not match RNA structure in a biological context. Furthermore, the models are limited by 
the experimental biases of the input datasets: SELEX has the potential to capture high-
affinity but low biological-relevance sequences; CLIP can also capture transient, off-
target interactions. As such, any computationally defined RBP binding sequence should 
be biochemically verified using traditional methods or the recent high-throughput flow-




High-throughput experiments defining RBPs and RBP targets 
The previous sections discussed the approaches for studying RBPs including 
developmental phenotypes, single gene IP, pulse-chase assays, and genetic knockouts. 
The information provided from these studies is invaluable, but it  focuses on single 
actors in what is a complex system of interactions. The advent of microarrays, high 
throughput sequencing, and improvements in mass spectrometry make it possible to 
start answering questions genome-wide.  
 
A direct approach to defining RBPs is to see what RNAs and proteins are physically 
interacting in the cell. In one of the earliest studies, Tsvetanova et al. (2010) used two 
complementary methods in Saccharomyces cerevisiae: 1. mass spectrometry (MS) on 
proteins that copurified with oligo-dT selected mRNA and 2. total RNA binding to protein 
microarrays. Using both techniques, they recovered numerous proteins (68 by IP, 12 by 
microarray) that were not previously characterized to bind RNA (Tsvetanova et al. 2010). 
Moreover, the majority of these novel RBPs lacked characterized RBDs or known roles 
in RNA biology; two biological groups recovered in their screen were secretory pathway 
proteins and metabolic enzymes (Tsvetanova et al. 2010). The method was adapted to 
use photoactivatable-ribonucleoside crosslinking (PAR-CL) in two contemporaneous 
papers in mammalian cell lines (HeLa, Castello et al. 2012; HEK, Baltz et al. 2012). Both 
Castello et al. (2012) and Baltz et al. (2012) identified around 800 RBPs. As in the 
Tsvetanova study, many of these RBPs were not annotated to bind RNA previously, did 
not have computationally predicted RNA binding domains, and included non-RNA 
associated proteins such as metabolic enzymes (Castello et al. 2012, Baltz et al. 2012). 
A flurry of similar studies followed using different cell types (Mitchell et al. 2012 in yeast; 
Kwon et al. 2013 in embryonic stem cells; Beckmann et al. 2015 in human liver cells and 
yeast). This cohort of papers identified many previously uncharacterized RBPs, many 
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without known RBDs or roles in RNA biology. Beckmann et al. 2015 coined the term 
enigmaRBPs for these unexpected RBPs. These studies have opened the realm of 
RBPs beyond proteins that can be strictly defined by computational studies or known 
functional annotation. Next, we aim to understand what mRNAs are targeted by RBPs  
and the functional role of bound RBPs in affecting post-transcriptional regulation.  
 
There are several approaches to identify targets for a known RBP. While it is possible to 
assay the RNAs bound by specific RBPs without crosslinking (see Tenebaum et al. 2000 
for example), the development of crosslinking immunoprecipitation paired to RNA 
sequencing (CLIP-seq; reviewed extensively in Darnell 2010) chemically preserves 
protein-RNA interactions and enriches for the protein of interest. Briefly, cells are treated 
with ultraviolet (UV) light to form zero-length covalent links between an RNA and directly 
bound proteins. Immunoprecipitation is used to enrich for the protein of interest. 
Following immunoprecipitation, the protein can be degraded to liberate the RNA 
fragments for sequencing library preparation. Early efforts utilizing low-throughput 
Sanger sequencing identified just over 300 targets of the splicing regulator RBP Nova in 
neuronal cells (CLIP, Ule et al. 2003). A similar approach was applied in mammalian cell 
culture to purify transcripts that bear iron response element (IRE) landing sites for the 
RBP regulators iron response proteins 1 and 2 (Irp1, Irp2); purified transcripts were then 
identified using microarrays, allowing for the identification of more target transcripts than 
the earlier low-throughput sequencing approach (Sanchez et al. 2006). Cross-linking and 
analysis of cDNAs (CRAC) was used to identify RBP targets through both Sanger and 
high-throughput sequencing in analysis of rRNA processing (Granneman et al. 2009) 
and several stages of yeast RNA processing (Tuck and Tollervey, 2013). The original 
CLIP Nova study was later repeated using high-throughput sequencing, increasing the 
number of known Nova targets to nearly 2,500 (HITS-CLIP, Licatalosi et al. 2008). A 
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similar study of the RBPs in yeast P-bodies found a surprising lack of specificity of 
several RBPs (eg Pat1, Lsm1, Dhh1; Mitchell et al 2012). CLIP can also be enhanced by 
the metabolic incorporation of photoactivatable ribonucleosides, which improves 
crosslinking efficiency (PAR-CLIP, Hafner et al. 2010). Nucleotide-level information of 
protein binding can be obtained using reverse transcription up to the crosslinking site 
that serves as a physical impediment to the polymerase (iCLIP, König et al. 2010). An 
alternative to directly immunoprecipitating the protein of interest is to use a GFP-fusion 
and fluorescently labeled RNA approach (Strein et al. 2014). To identify what RNAs are 
bound by all potential RBPs rather than just those by a specific protein, protein-bound 
RNA can be isolated using sucrose sedimentation; this approach has determined that 
>70% of the yeast genome is bound by an RBP at any given time (Freeberg et al. 2013). 
Given the pervasive binding of transcripts by Pab, the 70% measured by Freeberg et al. 
2013 very likely underestimates RBP binding. With numerous assays to define the 
specific targets of RBPs in a high-throughput way, we next aim to answer how these 
RBPs are regulating their target transcripts. 
 
Functional characterization of RBPs has been done on single genes using tethering 
assays (e.g. PABP, Coller et al. 1998; Gw182, Fabian et al. 2011). However, there is not 
a published method for the high-throughput analysis of RBP function. From RNA-
association studies, we know that there are a large number of unexpected or 
enigmRBPs (Tsvetanova et al. 2010, Beckmann et al. 2015); these studies provide lists 
of regulators, but they do not provide functional information for what these RBPs are 
doing to bound transcripts. In addition, we predict that there is extensive opportunity for 
post-transcriptional regulation by the measured discrepancies in RNA-protein 
abundances (Ingolia et al. 2009, Schwanhausser et al. 2011, Li et al. 2014). To 
mechanistically connect potential post-transcriptional regulation with proposed post-
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transcriptional regulators, we need to expand the functional annotation of these 
regulators at a genome-level. To address this need, we have developed both physical 
technologies and molecular biology tools to create a system for functionally 
characterizing RBPs and post-transcriptional regulators in a way that is both 













To perform functional characterization of proteins at a genome-wide scale, we devised a 
method and designed custom large volume turbidostats for investigating protein 
expression libraries that represent all potential proteins multiple times. 
 
Motivation 
One difficulty in generating genome-scale expression libraries is selecting in-frame 
fragments without stop codons from the pool of genomic sequences. We overcome this 
challenge by selecting for expression of an in-frame marker downstream of the tether 
protein. We perform this selection on approximately 100 million genomic fragments in a 
custom, large volume turbidostat. In contrast to previously described turbidostats, the 
larger volume growth chambers accommodate selection of diverse expression libraries. 
Furthermore, our custom turbidostats provide an affordable alternative to comparable 
commercially available bioreactors. We show that our system yields tens of thousands of 




Recent technological advances enable systems-level studies. Rather than single gene 
studies, entire transcriptomes or proteomes can be examined simultaneously. While it is 
possible to measure the transcription or translation of a gene in the cell, we need more 
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methods for functionally characterizing proteins at a genome-wide level. One approach 
is knockout libraries that aim to systematically disrupt each gene in a genome 
individually; there are several gene knockout libraries available for Saccharomyces 
cerevisiae (S. cerevisiae). While these libraries are useful resources, they cannot be 
used to study genes that are essential for cell survival. In addition, the role of a single 
gene can be confounded due to secondary effects from total gene knockout. 
Considerable effort is being put forth by the Boone lab generating pairwise knockouts to 
establish genetic interaction (GI) maps (reviewed in Costanzo et al. 2011). Briefly, GI 
maps look for genetic epistasis, alleviation of one candidate gene phenotype, or 
synthetic negative phenotypes between pairs of genes. Combinations of genes that are 
affected positively or negatively in a paired knockout can point to shared biological 
pathways or molecular mechanisms. As such, they can be informative to establish the 
order and mechanism of complex biological pathways. Higher eukaryotes have 
classically been less tractable for generating single or double knockouts; as a proxy for 
genetic disruption, transcription or translation of a gene can be lessened or knocked 
down through the use of RNA interference or transcriptional interference. Bassik et al. 
(2013) have demonstrated a method for pairwise GI maps in mammalian systems 
through the use of high coverage short hairpin RNA (shRNA) libraries. However, GI 
maps still require picking candidate genes to knock out based on prior knowledge.  
 
We developed a method for creating a genome-wide protein expression library, and 
applied it to the study of post-transcriptional regulators. There are greater than 600 
known RNA binding proteins (RBPs) defined in the literature in the budding yeast S. 
cerevisiae alone. This number is likely an underestimate given the difficulty of predicting 
RBPs based on protein sequence or functional annotation alone (Tsvetanova et al. 
2010; Beckmann et al. 2015). To overcome the challenge of predicting which proteins or 
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domains are capable of binding RNA, we aim to clone and screen every protein and 
protein domain for post-transcriptional activity. If we conservatively assume that every 
gene in the yeast genome (~6000; Müller et al. 2002; Byrne and Wolfe 2005) has at 
least two domains, preparing a genome-wide library requires cloning 12,000 constructs 
and prior knowledge of domain boundaries. Instead of candidate-driven massively 
parallel cloning, we use randomly fragmented genomic DNA to generate a library of 
fragments largely unconstrained by prior expectations. These libraries are selected for 






The ability to perform comprehensive screens is limited by the ability to make large and 
diverse libraries of coding sequence fragments. The coverage of a genome-scale 
expression library is bounded by the mathematical constraints in developing the library. 
We use yeast genomic DNA as a source of DNA sequence with equal representation of 
every gene in the genome. The yeast genome is twelve megabases and double 
stranded, and as such it has approximately 2.4x107 potential base pairs representing a 
start point of a fragment (Table 2-1). An estimated 72.9% of the yeast genome or 
1.75x107 base pairs are contained within exons (Alexander et al. 2010). Because coding 
sequences occur with a three base pair periodicity, only one third will be in frame at the 
start, one third in frame at the end. Moreover, only half of these in-frame fragments will 
be on the correct coding strand. Therefore, of the 1.75x107, only 9.72x105 base pairs will 
be in a fragment that is both exonic and in the correct frame (Table 2-1). This population 
represents only 4.5% of the total genomic fragments possible. Enriching for this limited 
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population requires a method of bulk selection. To avoid the bottlenecks and technical 
difficulties associated with enriching for these fragments by plating yeast transformed 
with the library, we opted to use liquid selection of a large culture. To maintain an 
optimal density of yeast and exponential growth, we developed large volume 
turbidostats. Turbidostats are continuous growth culture chambers that have been used 
for a number of microbial studies (Bryson and Szybalski 1952, Sorgeloos et al. 1972, 
Takahashi et al. 2015); however, the volumes traditionally used in these experiments are 
insufficient for the size of our library. We adapted the optics design from the Toprak et al. 
(2013) morbidostat to continuously culture, apply selection, and monitor growth of large 





Base pairs in yeast genome 2.40E+07 
Exonic base pairs in yeast genome 1.75E+07 
In frame, coding exonic base pairs  9.72E+05 
Fraction of total fragments that are coding 4.05E-02 
 
Table 2-1: Selecting protein coding sequences requires bulk selection.  
Calculations are as follows: The yeast genome is 12 megabases and double stranded, therefore 24 million 
base pairs. 72.9% of that is estimated to be exonic (Alexander et al. 2010), where 72.9% of 24 million is 17.5 
million. Only 1/18th of the coding base pairs will produce in frame fragments (⅓ in frame at the start, ⅓ in 
frame at the end, ½ on the coding strand), so 972 thousand coding fragments are possible. 972 thousand 




A turbidostat links culture turbidity to an inflow of media in order to maintain a constant 
cell density. To detect culture turbidity, we use an infrared (IR) light emitting diode (LED) 
to emit IR light into the culture vessel. Microbes in the culture scatter the IR, and this 
scatter can be detected using a light semi-conductor (Figure 2-1A; similar to Toprak et 
al. 2013). Measuring microbial density through measurement of scattered light is 
conceptually similar to traditional methods of culture density measurements using 
absorbance of 600 nanometer (nm) light through a cuvette to linearly estimate cell 
density (Figure 2-1B). To avoid interference with ambient light sources, we use an IR 
LED for the emitter and a semiconductor inset into a polylactic acid (PLA) 3D printed 
band coated in a visible and IR absorbing paint (Ultra Flat Black, Krylon). The band also 
maintains a constant geometry between the emitter and detector (Figure 2-1C). 
Comparing voltage-IR measurements to traditional spectrophotometer measurements 
(optical density, OD), we can detect linear changes that correlate IR to OD, and in turn 




Figure 2-1: Detecting cell density in a culture  
(A) We use the approach described by Toprak et al. (2013) in which measurement is done in the growth 
vessel rather than requiring subsampling with a traditional spectrophotometer. Light is emitted into the 
culture vessel from an IR LED, and the level of reflection can be empirically correlated to the traditional OD 
or number of cells.  (B) Traditional methods use a standardized 1 cm2 cuvette. 600 nanometer (nm) light is 
passed through the cuvette holding 1 milliliter (mL) of culture, and the absorbance is measured by a detector 
directly across from the emitter. This can then be empirically correlated to number of cells in the culture. (C) 
Toprak et al used an angle of 135º between emitter and detector. We experimentally determined that a 90º 
angle gave better results (data not shown). To maintain the angle and exclude external light, we mounted 
the emitter and detector in a custom 3D printed band made of polylactic acid (PLA) and coated in paint that 
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blocks all visible and IR light (Ultra Flat Black, Krylon). To eliminate electronic noise, an Arduino mini is 
mounted directly onto the band to receive and process signal from the IR semiconductor. (D) There is a 
linear association between IR measurement and optical density, demonstrated here for four separate bands, 
demonstrating that we can use reflected IR to accurately measure cell density.  
 
The goal of the turbidostat is to maintain a constant cell density by pumping in new 
media when the density exceeds a user-defined threshold. The culture density is 
continually monitored through IR measurements that are collected and parsed by an 
Arduino mini processor every second (Figure 2-1C). If the measured turbidity is higher 
than the target (calibrated with each experiment to be approximately OD600=0.6), the 
Arduino will power on a peristaltic pump connected to a media source (Figure 2-2A) to 
add new media until the desired turbidity is achieved (Figure 2-2B). The growth chamber 
maintains a positive pressure through pumping in filtered air (Figure 2-2C). This positive 
pressure as well as an internal line set just above the desired volume push out volume 
as new media is pumped in (Figure 2D).  
 
 
Figure 2-2: Turbidostat growth chambers 
The growth vessel of the turbidostat is a standard 
500mL glass bottle (VWR) with a 4-port lid (VICI) with 
custom poly ether etherketone (PEEK) lines. The culture 
volumes are set at approximately 300mL. Media is 
supplied through the action of a density-dependent 
Arduino controlled peristaltic pump (A) into the growth 
chambers first PEEK line (B). The chamber maintains 
aeration and positive pressure through pumping in 
hydrated and filtered air (C). Additional aeration is provided through the action of a stir bar and stir plate. 
This addition of media raises the level of media in the vessel, and through positive pressure and a line 
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placed just above the desired volume (D), an equivalent amount of culture is removed. A fourth line attaches 
to a syringe for inoculation of the chamber with yeast as well as allowing for sampling or collecting a portion 
of the vessel at any time (E).  
 
In addition to making decisions about the current cell density and pumping, the Arduino 
program provides a record of the volume of media pumped over time. By measuring the 
rate of media replacement, it is possible to track the growth rate of the culture (Figure 2-
3). We can then compare the measured rate of growth to expected values to determine if 
the culture is maintaining exponential growth. This information is useful in determining 
the status of the culture with regard to stress and cellular homeostasis. 
Figure 2-3: Growth measurement 
using IR detection 
The turbidostat growth chamber is fitted 
with an optics ring as described in figure 
1. Target IR (A) is calibrated based on 
the linear relationship between IR and 
OD and an initial manual OD 
measurement. This graph shows yeast 
transformation following adjustment (at 
1000 minutes), through the target 
approaching target density (OD ~=0.6) at 
approximately 2000 minutes. A blue line 
marks this point when the culture 
reaches target density and pumping activates. Knowing the volume of the culture, we can calculate the 
number of volumes pumped over time (B). This allows us to calculate the doubling time through linear 
regression of pumping; here, the yeast are doubling every 96 minutes, in line with expected growth rates in 






Generating a genome-wide expression library 
 
Several recent studies have highlighted that many RBPs have neither annotated RBDs 
or RNA-associated function (Tsvetanova et al 2010; Beckmann et al. 2015). While these 
studies provide a list of potential RBPs and post-transcriptional regulators, they don’t 
ascribe functional effects to the RNA-protein interaction. Current techniques to 
determine the function of RBPs are done on single genes. While it is technically possible 
to create and characterize the >600 identified RBPs in yeast alone, we chose to create a 
comprehensive genome-wide library. 
 
An ideal protein expression library will carry in equal measure all potential coding 
sequences represented in the genome. As we’ve developed the growth chambers for 
yeast growth, we want a source for all potential coding sequences in yeast. The yeast 
genome is very information-rich; estimates put the protein coding content of the yeast 
genome at 72.9%, (Alexander et al. 2010). Because of this, we can use yeast genomic 
DNA (Figure 2-4A) as a source of DNA representing each gene in equal abundance 
rather than relying on normalized cDNA. The average yeast gene is 1.6kb (Milo et al. 
2010), and we hypothesize there are 2-3 domains per gene. To try to capture one 
domain per library candidate, we fragment genomic DNA (Figure 2-4B) and select for the 
expected size of a domain (Figure 2-4C) with some expected reduction in size during 








Figure 2-4: Size selecting genomic DNA 
fragments 
(A) Commercially available yeast genomic 
DNA (EMD Millipore catalog #69240-3) is 
present in high molecular weight species. (B) 
This genomic DNA is fragmented via 
sonication using a Covaris S220 at 5% duty 
factor, 175W peak incidence power, 200 cycles 
per burst, and 25 seconds (TruSeq DNA PCR-
Free Library Prep Reference, Illumina 2016). 
(C) Given the average yeast gene of 1.6kb and 
2-4 domains per gene, we estimate the 
average domain size to be between 300-
800bp. To enrich for fragments in this size 
range, fragment genomic DNA is size selected 
between 500-1200bp using a Pippin PrepTM 
1.5% agarose cassette. All samples shown 
above are run on an Agilent Bioanalyzer 
Genomic DNA cassette to assay effectiveness 
of sonication and size selection.  
 
After generating DNA fragments that are size-selected for presumptive protein-domain 
encoding potential, we required a method for expressing and selecting for in-frame 
fragments. The sonicated fragments are prepared for incorporation into an expression 
vector using either the NEBNext® or Illumina library prep kits with standard Illumina-
based primers (Figure 2-5A). These Illumina primer sites are used as homology arms for 
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in vivo recombination into a linearized yeast expression vector. Importantly, the 
expression vector encodes for a selectable auxotrophic marker. This marker is 
expressed downstream of the incorporated fragment through the poly-cistronic viral 
sequence 2A (Donnelly et al. 2001; Kim et al. 2011). Briefly, 2A fails to form a peptide 
bond between the upstream and downstream sequences, allowing for the expression of 
two distinct protein products from a single reading frame (Donnelly et al. 2001). The 
auxotrophic marker will only be successfully expressed if the upstream fragment is in 
frame at the start, in the end, and on the coding strand (Figure 2-5B). As mentioned 
previously, correct framing occurs in only 4.5% of all total genomic base pairs. As such, 
using a poly-cistronic transcript bearing a selective marker allows us to select for only 
these desired coding fragments via permissive growth.  
 
Figure 2-5: Generating a genome-wide protein-expression library 
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To screen proteins at a genome-wide level, we developed a method for generating a genome-wide protein 
expression library. (A) Yeast genomic DNA is information-rich, and therefore used as a normalized cDNA 
proxy. (i.) Different genomic regions are represented by different colors. (ii.) The genomic DNA is 
fragmented (as in Figure 4) and (iii.) given Illumina adaptors (represented by light and dark grey boxes). (iv.) 
These fragments can then be recombined into a yeast expression vector carrying essential yeast features 
such as a promoter (PGKI promoter, pPGKI) and ARS/CEN. The fragment recombination region is followed 
by a tether for studying post-transcriptional regulation. Downstream is a viral sequence, 2A, that prevents 
peptide bond formation between the upstream and downstream sequence. (v.) The peptide-skipping of 2A 
produces two distinct protein products: the upstream domain-tether and the downstream selective marker. 
(B) The combination of an upstream fragment recombination site, downstream 2A, and further downstream 
selective marker selects only for the 4.5% of the total potential genomic fragments that encode a protein 
domain. (i) Fragments that are on the coding strand and enter and leave in frame will produce a functional 
domain and downstream marker. (ii) Fragments of the coding strand, but that are out of frame at the start 
are likely to be interrupted by an in-fragment premature termination codon (PTC), resulting in no selective 
marker expression. (iii) Fragments of coding strand, but that are out of frame at the end will contain an in-
tether PTC, resulting in no selective marker expression.  
 
Selection of a comprehensive genome-wide library 
 
The actual selection of the expression library occurs in turbidostat-grown yeast. We 
transform yeast with the aforementioned linearized expression vector and a 
recombination-compatible library of potential coding fragments. In early development 
tests we established that for these transformations, 1.6x10-3% of the total population is 
both transformed and expresses an in-frame library fragment and downstream selective 
marker. Explicitly, for every 6x108 yeast put into the transformation reaction, only 1x104 
result in successful recombination of in-frame, coding strand library fragments (Figure 2-
6A). Because this population of 1x104 yeast can read through to and express the 
downstream selective marker, they are capable of growing in selective media. In 
contrast, the remaining yeast that are either not transformed, not properly recombined, 
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or are carrying recombined expression vectors with out of frame or non-coding sequence 
cannot grow under the selective conditions (Figure 2-6A). To allow for the minor 
population of transformed yeast to overcome the non-selective population before 
pumping occurs (at OD=0.4–0.6), we inoculate large volume turbidostats at an 
OD600~=0.2. Given the expected portion of the population carrying our selection-
positive expression library, we can computationally predict the rate at which yeast 
carrying expressing fragments from the library will outpace their non-expressing 
counterparts. Because the turbidostats maintain a constant volume of culture media, we 
can represent the relative abundance of the selective or non-selective populations as a 
percentage of total cell count (Figure 2-6B). We collect yeast when we predict that 
approximately 99.9% of the total population is represented by successful in-frame and 
coding library fragments. 
 
 
Figure 2-6: Generations of growth required to select for protein-expression library 
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(A) Assuming we transform 6x108 cells, we positively transform, recombine, and have proper strand and 
framing for 1x104 cells. Because this latter population is capable of surviving under selection, it grows while 
the non-marker population remains constant. Between 15 and 20 generations, the selective population 
overtakes the non-selective cells. (B) Because the turbidostats maintain a constant volume, we can 
calculate the percentage of population represented by protein-expression library containing cells. Around 23 
generations, the population reaches ~99.9% selective library cells. In addition, because the population of 
selective cells began as such a small percentage of the original population, we know that at this point each 
individual recombination event is represented by many individual daughter cells. 
 
We next assayed how much of the protein-coding potential of the genome we are 
capable of recovering. To determine the starting population of potential fragments, we 
sequenced a library of pre-recombination, pre-selection library fragments. To assay the 
extent of genome coverage in our post-selection libraries, we prepared and sequenced a 
library from the yeast collected at point where 99.9% of the population is expected to 
express transformed protein. We observe good genomic coverage in both the pre-
recombination and post-selection libraries (Figure 2-7A). As expected through 
fragmentation, this pre-recombination and pre-selection library shows even distribution 
across all potential reading frame combinations (Figure 2-7B). In contrast, yeast that had 
been subjected to recombination and auxotrophic selection showed a dramatic (seven-
fold) enrichment for in-frame and coding sequences (Figure 2-7C). In this post-selection 
library, each gene in the genome is represented by a distinct in-frame fragment 
approximately 21 times across all expected size ranges. Together, this demonstrates the 






Figure 2-7: Genomic coverage and framing in pre- and post-selection libraries 
Libraries were generated as described in figures 4 and 5. (A) An example Integrated Genome Viewer (IGV) 
generated plot for read counts in pre- and post-selection libraries. In both libraries, there are many copies 
aligning to each position (up to 200 at some positions). In the post-selection library, there is an enrichment 
for fragments aligning exclusively to coding sequences. Given the constraints on selection for coding, in-
frame fragments, this is to be expected. (B) In a pre-selection library, genomic fragments map equally to any 
of nine frame combinations. The frame that would result in protein-expressing and downstream selective 
marker expression is highlighted in green and represents only 11% of the total population. (C) Yeast were 
transformed, recombined, and grown under selection for marker expression until the culture was 
predominantly library expressing cells (as in figure 6). DNA was isolated from these cells and sequencing 
libraries prepared. Following selection, the coding sequence, in-frame fragments represent 76% of the 
 
39 
population, a nearly seven-fold increase from pre-selection. This predominantly protein-coding library can 




We have incorporated two novel techniques in this experiment. First, we built custom 
large-volume turbidostats capable of growing yeast at a user-specified density. Second, 
we used these large-volume turbidostats in the selection of an in-frame fusion library; 
specifically, we use polycistronic expression of auxotrophic marker to generate a 
genome-wide protein expression library. We later used these turbidostat selected 
genomic libraries to assay for post-transcriptional regulators via fluorescence activated 
cell sorting (FACS). However, the ability to generate genome-wide expression libraries  
is widely applicable to a number of diverse approaches. The large volume turbidostats 
can be assembled with readily available components and limited technical expertise. 
They therefore provide an easily customizable and affordable alternative to commercially 
available bioreactors or existing small-volume turbidostats. In addition, because the 
media source of the turbidostats can be easily changed during an experiment, these 
turbidostats can be used for varying selective pressure or growth conditions (such as 
increasing drug concentration or reducing nutrient concentrations).  
 
The method we describe for generating a genome-wide library protein expression library 
provides a mechanism for functional characterization of proteins and protein domains on 
a previously intractable level. We use this for investigating post-transcriptional regulatory 
potential across the genome. However, this method could easily be adapted for selection 
of directed evolution libraries, mutational or deletion scanning, functional studies of 
protein-protein interactions, and more. In combination with the large-volume turbidostats, 
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there is nearly unlimited potential for screening genome-wide libraries of protein for 










This chapter will focus on a genome-wide survey for active post-transcriptional 
regulators in yeast utilizing the protein expression libraries generated in chapter 2.  
 
Motivation 
Post-transcriptional regulation plays an important role in modulating gene expression in 
situations of stress, development, and even non-stressed growth. Transcript translation 
and stability can change in response to binding of regulatory RNA binding proteins 
(RBPs). Proteomic studies have identified over 500 RBPs in Saccharyomyces cerevisiae 
(Tsvetanova et al. 2010; Beckmann et al. 2015); however, the functional impact of these 
proteins on the transcripts they bind remains unclear. Tethered function assays have 
been used to elucidate the post-transcriptional regulatory effect of proteins and protein 
domains. We adapt this tethered function assay into an approach for an unbiased survey 
of regulatory activity in proteins of the budding yeast S. cerevisiae. Our system is 
capable of interrogating tens of thousands of unique protein fragments genome-wide. 
We recover known post-transcriptional regulators and reveal new activities in 
uncharacterized proteins. Our approach offers a comprehensive view of the mechanisms 
underlying post-transcriptional control in yeast and functional annotation of cryptic RNA 







Regulating gene expression is essential for biological processes, ranging from 
development and differentiation to stress response and cellular homeostasis. Many 
studies rely on RNA abundance measurements from RNA-seq to estimate gene 
expression. However, in most cases, the protein resulting from the expressed transcript 
is the effector for biological action. Several recent studies have demonstrated that the 
correlation between RNA and protein abundances is weak; the abundance of proteins 
encoded by mRNAs with similar abundance can differ in abundance by up to 100-fold 
(Ingolia et al. 2009, Schwanhausser et al. 2011, Li et al. 2014). The differences between 
RNA and protein levels can be regulated through changes in transcript stability, 
transcript localization, and translational efficiency, collectively termed post-transcriptional 
regulation. We know of several specific examples where post-transcriptional regulation is 
essential for development (bicoid mRNA, Nanos, and hunchback mRNA in Drosophila 
embryogenesis), stress response (Atf4 and Gcn4 in mammals and yeast, respectively), 
and cellular homeostasis (Pabp across eukaryotes).  Given the importance of post-
transcriptional regulation, there have been relatively few studies that focus on the global 
impact of post-transcriptional regulation. 
 
RNA binding proteins (RBPs) are an attractive candidate for regulating transcript fates. 
RBPs are often defined either by the presence of a conserved RNA binding domain 
(RBD) or by empirical detection of proteins that associate with transcripts. However, in a 
literature review by Tsvetanova et al. (2010), many of the proteins defined as RBPs lack 
canonical RBDs (Figure 3-1A). Moreover, proteins experimentally determined as 
associating with RNA often lack functional characterization relating to RNA biology or 
transcript regulation (Figure 3-1B). This raises the question: what are the functions of 
 
43 
these unexpected RBPs? We address this question by measuring the effect of protein 
fragments tethered to a reporter transcript in a genome-wide library of protein fragments. 
Using this method, we have characterized over ten thousand protein fragments for their 
functional role in post-transcriptional activity.  
 
 
Figure 3-1: RNA binding proteins are often unexpected from existing annotation 
Data collected and plotted from Tsvetanova et al. 2010. (A) In a literature review of annotated RBPs, just 
over 25% of the total proteins had a canonical RBD (e.g. RRM, PUF, ZH, etc). In contrast, the majority 
lacked known RBDs; this makes it difficult to computationally predict an RBD using analysis of primary 
sequence and protein homology. (B) Tsvetanova et al. 2010 assayed the proteins bound to RNA by 
attaching total cell RNA to beads, flowing cellular lysate over the beads, and assaying the proteins that 
bound by mass spectrometry. Of the proteins identified, again just over 25% of them have annotations that 
match known RNA functions. In contrast, the remainder had metabolic, endoplasmic reticulum, vesicular, or 
other ontologies. The lack of RNA-associated functions further complicates the prediction of RNA binding 
proteins based on existing annotations. Moreover, it raises the question of how these unexpected RBPs 








Post-transcriptional regulation can be separated into two steps: recruitment of the RBP 
to a transcript and the exerting post-transcription control on the target transcript. Studies 
on the post-transcriptional regulator Gw182 demonstrate that these activities can be 
functionally independent of each other; the modularity of recruitment and repression 
domains is a common but not strictly essential feature of many RBPs (reviewed in Lunde 
et al. 2007). Briefly, Gw182 is recruited to a target transcript through the interaction of its 
N-terminal domain with a microRNA-loaded Argonaute 1 or 2 (Rehwinkel et al. 2005, 
Chekulaeva et al. 2009, Chekulaeva et al. 2011). Gw182 exerts its regulatory effect 
through the C-terminal region by interfering with mRNA circularization and by recruiting 
decay factors (reviewed in Tritschler et al. 2010). The mRNA decay and translational 
repression by Gw182 can be recapitulated through artificial recruitment of either the C-
terminal or Silencing Domain alone (Chekulaeva et al. 2009, Zekri et al. 2009). Artificial 
recruitment can be accomplished with a set of mRNA encoded hairpins in a reporter 
mRNA and a small viral peptide that has high affinity for these hairpins and is fused to 
the protein of interest (Coller and Wickens, 2007). This combination of hairpins and 
small peptide has been used to study a number of post-transcriptional regulators, 
including but not limited to Pabp (Coller et al. 1998, Gray et al. 2000, Tsuboi and Inada 
2010), Pop2 (Finoux and Séraphin, 2006), and exon junction complex proteins (EJC, 
Nott et al. 2004). 
 
Tethering is usually performed ex vivo in cell lysate or in vitro; we adapted the tethering 
system to work in living cells with sensitive, single-cell detection using a dual 
fluorescence reporter system (Figure 3-2A). We express two distinct fluorescent reporter 
transcripts, eYfp (yellow) and mCherry (red), each bearing one of two orthogonal 
tethering cassettes, boxb or pp7 (Figure 3-2B). Functionally, the corresponding viral 
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peptide will bind only its target hairpins, not the orthogonal set. This peptide-hairpin 
specificity allows us to target a putative regulator-tether fusion to only one of the two 
transcripts. As a result, only the tethered fluorescent reporter will read out the effect of 
post-transcriptional activity. The other fluorescent reporter will act as an internal control, 
allowing for precise, single cell measurements. If the tethered fragment is a post-
transcriptional repressor or co-repressor, there will be a decrease in abundance of the 
target reporter protein without a corresponding change in the non-target reporter protein 
abundance (Figure 3-2C). Conversely, a post-transcriptional activator or co-activator will 
increase the level of the target but not the non-target (Figure 3-2E). Conceptually, we 
have designed this system to allow for swapping the target fluorescent reporter or 
tethering system to account for reporter or tether specific effects.  
 
 




Design and expectation of dual reporter system. (A) To perform tethering assays in living cells with 
sensitive, single-cell precision, we use two fluorescent reporters (eYfp and mCherry) bearing orthogonal 
tethering cassettes containing 3–5 hairpin repeats (boxb and pp7). These constructs were transformed into 
the URA3 locus of S288C a or α cells. The pairs of reporters were mated to create a red and yellow positive 
strain expressed biallelically. (B) The use of orthogonal tethering systems means that the corresponding 
viral peptide, such as λN, will only be recruited to its partner hairpin sequence and not the other hairpin set. 
(C) If the tethered protein domain is a post-transcriptional repressor or co-repressor, the total protein output 
of the target transcript will be decreased whereas the non-target transcript will remain unchanged. This ratio 
is determined relative to a non-regulator or tether-only ratio of the fluorescent proteins. (D) If the protein 
domain is not a post-transcriptional regulator, there will be no change in the ratio of fluorescent proteins. (E) 
If the protein domain is a post-transcriptional activator or co-activator, there will be an increase in the target 
protein output with no change in the non-target. By measuring the extent of deviation of the repressor or 
activator yellow to red ratios relative to a non-regulator, we can observe both the direction and extent of 
regulatory effect. The system is designed such that we can swap the tether used or the transcript targeted to 
account for artifacts of experimental design.  
 
After building the dual-fluorescent tether system, we wanted to verify that the system 
was capable of reporting both positive and negative regulation. To test this, we cloned a 
number of known post-transcriptional regulators and measured the resulting ratios of 
target to non-target fluorescence using flow cytometry (Figure 3-3A). To confirm that 
post-transcriptional regulation could occur using our 3′ UTR encoded hairpins and the 
fusion tether, we tested both a decapping (5′ UTR) regulator, Dhh1 (reviewed in Coller 
and Parker 2004), as well as a deadenylation (3′ UTR) protein, Pop2 (Daugeron et al. 
2001, reviewed in Schoenberg and Maquat 2012). Both negative regulators were 
capable of driving repression using boxb-λN tethering to either mCherry (Figure 3-3B) or 
Yfp (Figure 3-3C). There are very few translational activators defined in the literature; 
however, Coller et al. (1998) show that in yeast, tethering the poly(A) binding protein 1 
(Pab1) to the unstable mating factor alpha (mfa2) transcript was sufficient to stabilize the 
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transcript, thus acting as a post-transcriptional activator. Tethering Pab1 to mCherry 
results in a distinct increase in the mCherry/Yfp ratio (Figure 3-3B). Tethering to Yfp 
yields a smaller but reproducible increase (Figure 3-3C). Although both fluorescent 
reporters are transcriptionally expressed from the same promoter and genomic location, 
there is less dynamic range for up-regulation using Yfp. The difference in dynamic range 
highlights the importance of the ability to swap tethers and reporters to account for 
regulation that could be tether- or reporter-specific. Overall, we are capable of detecting 
both positive and negative regulation at both the 5′ and 3′ UTR of RNA despite the 
hairpins being encoded in the 3′ UTR. The results from these known regulators validate 
our system and suggest that we can use it to assay previously uncharacterized post-




Figure 3-3: Testing positive and negative 
regulation in dual fluorescent tethering 
system  
After constructing the dual fluorescent strains, 
we assayed for post-transcriptional regulation 
using known post-transcriptional regulators. In 
figures, the protein tethers are referred to by 
their yeast nomenclature wherein a p is 
appended to the end of the name to signify 
protein. (A) Fluorescence levels are 
measured using flow cytometry. Each dot 
represents a single cell. Expressed 
fluorescent proteins show a distribution of 
relative fluorescent signal. The BFP-tether 
cells (blue) overlap with the no tether 
population (red). When the nuclease domain 
of the post-transcriptional repressor Pop2 
(Daugeron et al. 2001) is recruited to mCherry 
transcripts, a corresponding decrease in the 
mCherry signal but not Yfp signal is observed. 
(B) This signal can be summarized calculating 
the median fluorescence of 10,000 cells and taking a ratio between mCherry and Yfp. Using base 2 
logarithm transformation, the ratio is visualized above or below the y-axis for increased mCherry and Yfp 
expression, respectively. Dhh1 and Pop21 are known post-transcriptional repressors. Pab1 is a known post-
transcriptional activator. The expected direction of change (a decrease in ratio for Dhh1 and Pop2 and an 
increase for Pab1 when tethering to mCherry as shown at the top) is highlighted by the shaded underlay. 
Where possible we tethered regions of proteins previously verified for post-transcriptional significance 
through tethering or other assays. As expected if the system is functioning, repression of mCherry can be 
observed by tethering by both the 5′ repressor Dhh1 (full length, from Aditya Radhakrishnan, unpublished) or 
the 3′ repressor Pop2 (nuclease domain, as defined by Thore et al. 2003) despite tethering being directed to 
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the 3′ UTR. Activation is also detectable by an upward shift as the result of tethering Pab1 (first two RRMs, 
as defined by Coller et al. 1998, Gray et al. 2000). (C) Using the same tether, we can switch the transcript 
hairpins to swap the targeted transcript. Dhh1 and Pop2 show similar levels of repression; however, the 
increase by Pab1p is diminished. Although the fluorescent reporters are expressed from the same promoter 
and are allelic to each other, Yfp is more stable. As a result, there is less dynamic range to detect positive 
regulation of Yfp translation. This result highlights the importance of our system’s ability to swap tether target 
or tether system to account for reporter or tether specific effects. 
 
Preparing a comprehensive library of potential regulators 
 
Many of the RBPs identified in mRNA interaction screens lack either known RBDs or 
RNA-associated functions. Because of this difficulty in predicting RBPs, we chose to 
assay the entire genome for post-transcriptional regulators rather than using a literature 
defined list of targets. In chapter 2, we describe the generation and selection of genome-
wide protein expression libraries using custom large-volume turbidostats. Briefly, 
information-rich yeast genomic DNA is fragmented via sonication and is subcloned via in 
vivo recombination into an expression vector. This expression vector contains a 
selective marker downstream of the fragment-tether fusion and a 2A sequence. The 2A 
sequence is a viral sequence that allows for polycistronic translation by preventing 
peptide bond formation between the upstream and downstream translation products 
(Donnelly et al. 2001; Kim et al. 2011). Only cells carrying productively translated 
fragment-tether fusions will translate the downstream selective marker, allowing for 
enrichment of rare in-frame recombinants. Using our custom-built turbidostats, we can 
apply selection to generate populations of cells carrying fragment-tether fusions that 
represent every gene in the genome multiple times.  
  




Genome-wide libraries of fragment tethers are generated in cells carrying the 
fluorescent-hairpin reporter system. Following marker selection and library generation, 
subpopulations are sorted by fluorescent activated cell sorting (FACS) to detect either an 
increase (Figure 3-2E) or decrease (Figure 3-2C) in the ratio of reporter to non-reporter 
fluorescence. Potential activator or repressor fusions are identified by DNA extraction, 
PCR recovery, and sequencing library generation from the sorted populations. The 
resulting libraries are submitted for high-throughput sequencing. A fragment is defined 
by a pair of distinct start and stop sites in the genome. Statistically speaking, each 
distinct fragment is likely to be the result of a single recombination event. Accordingly, 
the abundance of each fragment in the sorted library is likely indicative of the strength of 
that fragment as a regulator. Plotting the abundance of each in either the potential 
activator or potential repressor libraries (Figure 3-4) reveals that our FACS selection acts 
to deplete fragments of one type from the opposing library (e.g. activators from repressor 
library), with the majority of the fragments occurring in only one library or another. 
Fragments that occur with some significant frequency of abundance in both libraries can 
be classified by their relative enrichment in one library. With thousands of counts per 
fragment and functional depletion of fragments with opposing action, we demonstrate we 





Figure 3-4: Abundance of fragments in potential activator or repressor libraries 
A distinct fragment is defined as a pair of start and stop sites in the genome. Plotted are the abundances of 
all in frame fragments from either the potential activator or potential repressor libraries. Each dot represents 
a distinct fragment, and each dot is plotted with limited opacity. As a result, the areas with many distinct 
fragments at that level are much darker than regions where there is limited overplotting. These darkest 
regions occur along the axes, demonstrating that most fragments are functionally depleted in one library 
versus the other. Diagonal lines on the graph indicate 10- or 100-fold enriched in one library versus the other 
as written. Highlighted are fragments corresponding to a few genes of interest (pat1, red; ymr295c, orange; 
cdc19, green; ypr204w, blue) that will be discussed in the following section.  
 
Examples of select identified regulators 
 
From our catalog of over ten thousand potential regulatory fragments, we selected those 
genes showing the highest representation or enrichment in one library for validation. We 
picked two highly enriched genes out of the repressor library: pat1, which had the most 
distinct fragments (Figure 3-5A), and ymr295c, which had the largest fold enrichment in 
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one library (Figure 3-5B). Multiple distinct fragments were recovered with many unique 
sequencing reads for both proteins. Pat1 is a post-transcriptional repressor that links 
deadenylation and decapping through scaffolding interactions between deadenylation 
and decapping proteins (Haas et al. 2010, Ozgur et al. 2010, Standart and Marnef 2012, 
Sharif et al. 2013). Pat1 has several protein domains: N-terminal domain (NTD), Proline-
rich domain (P-rich), Mid domain, and the IV and V domains alternatively called the C-
terminal domain (Standart and Marnef 2012, Figure 5A). In tethering assays, the N-
terminal domains and Pro-rich domains are necessary and sufficient to drive transcript 
decay and reporter repression (Haas et al. 2010, Ozgur et al. 2010). The other domains 
(Mid, IV, V) are necessary for rescuing full repression in vivo and may act to stimulate 
and localize Pat1, but are not necessary for inducing repression via tethering (Haas et 
al. 2010). The fragments we recover from our library all localize in the NTD and P-rich 
domains, consistent with their direct repression of transcripts (Figure 3-5A). The 
repressor with the most enriched fragments, Ymr295c, is a protein of unknown function 
that associates with the ribosome (Fleischer et al. 2006) and localizes to the bud and cell 
periphery (Tkach et al. 2012). The majority of the fragments occur within the N-terminus 
of the protein, with one fragment in the C-terminal region (Figure 3-5B). To verify the 
fragments we recovered from the screen, we cloned the sequence represented by the 
overlap of all fragments from Pat1 or the full-length Ymr295c into the λN tether (Figure 3-
5A, 3-5B). As expected, Pat1 has a strong repressive effect regardless of the reporter 
used (Figure 3-5C). In contrast to our expectations, full-length Ymr295c has a slight 
activating effect (Figure 3-5C). Since Ymr295c’s fragments occur either in multiple 
locations in the N-terminal domain or in the C-terminal domain alone, we may be 
recovering activity in the screen that is lost in the full-length protein. Alternatively, 
Ymr295c may be acting as a post-transcriptional regulator dependent on additional 
cellular signals, such as Puf3 which acts as either an activator or repressor dependent 
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on the metabolic context (Lee and Tu 2015). To address if only a portion of Ymr295c 
alone can act as a repressor, we are cloning fragments of ymr295c that relate to either 
just the N- or C-terminus or single fragments. Overall, however, our system is capable of 
recovering post-transcriptional activity of a known and well-characterized regulator, Pat1, 
with domain-level information. 
 
 
Figure 3-5: Two potential repressors from the post-transcriptional regulator screen 
We verified two repressors identified in our screen. (A) Pat1 had the most total distinct fragments mapping 
to it. Prior work defined the domain structure of Pat1 (light blue). Specifically, the N-terminal domain (NTD) 
and Proline-rich (P-rich) domain are necessary and sufficient for stimulating mRNA decay, whereas the Mid, 
IV, and V domains act as platforms for interacting with other decay proteins in vivo (Haas et al. 2010, Ozgur 
et al. 2010). Our library hits (red) all align to these NTD and P-rich domains, consistent with the previous 
literature regarding their activity. We cloned a union of these fragments for verification of the screen (teal). 
(B) Ymr295c fragments exhibited the highest degree of enrichment between libraries. Ymr295c is a protein 
of unknown function, and as such, lacks domain annotations. The majority of our fragments (orange) map to 
the N-terminus, with one fragment in the C-terminus. As the protein is short, we cloned the entirety of the 
protein for verification. (C) Verification of the library hits was done through cloning either a union of library 
hits (Frag-Pat1) or the entire protein (Ymr295c) upstream of a λN tether. Pat1-λN shows a robust repression 
of both reporter-hairpin fusions. Full-length Ymr295c surprisingly acts as an activator, highlighting the 
possibility that our screen could pick up non-biological activity (as in, not within the context of the full protein) 
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activity. To address the possibility that sub-regions of Ymr295c could act as repressors, we are cloning 
smaller portions of Ymr295c.  
 
We applied the same analysis for the potential repressor library to the potential activator 
library with two highly enriched genes: ypr204w, which had the most distinct fragments 
(Figure 3-6A), and cdc19, which had the highest degree of enrichment between libraries 
(Figure 3-6B). The CDC19 protein is the major pyruvate kinase for yeast (Ciriacy and 
Breitenbach 1979; Burke et al. 1983). The domain structure and regulation of Cdc19 
activity is heavily studied (Jurica et al. 1998, Fenton and Blair 2002, Xu et al. 2012). 
However, prior to a very recent study from Beckman et al. (2016), Cdc19 was not 
annotated as an RBP. As Cdc19 lacks either known RBDs or RNA function, Beckman et 
al. (2016) term it an enigma RBP (enigmRBP). We recover domains in our positive 
regulatory library that overlap with the B and the C domains (Figure 6A), both of which 
are unstructured in the absence of fructose-1,6-bisphosphate (FBP; Jurica et al. 1998). 
The positive regulator with the most aligned fragments, Ypr204w, is a putative helicase 
encoded in the telomeric Y′ element. Two early studies on this protein family predicted a 
potential helicase (Figure 6B, grey) in the N-terminus (Yamada et al. 1998; Shiratori et 
al. 1999). However, none of our library fragments aligned to this region. Active regulatory 
fragments align to a highly repetitive region. The disorder prediction software, GlobPlot 
(Figure 3-6B, Linding et al. 2003) confirmed that our library hits all occurred within 
regions of low-complexity and predicted disorder (Figure 6B, light blue and goldenrod 
respectively), consistent with the importance of disordered regions in regulating RNA 
biology (reviewed in Calabretta and Richard, 2015). Moreover, when sections of protein 
corresponding to the library hits were cloned into a tether construct, they yielded small 
but repeatable increases in target fluorescence (Figure 3-6C). Together, these confirmed 
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activator hits demonstrate that our system is capable of detecting positive regulators of 
post-transcriptional regulation.  
 
 
Figure 3-6: Two potential activators from the post-transcriptional regulator screen 
We selected two hits from our post-transcriptional regulator screen for verification. (A) The gene cdc19 had 
the most enriched fragments (light green). Cdc19 is the major yeast pyruvate kinase, and as such has well-
annotated domains (light blue). Cdc19 has a split catalytic barrel (A domains), a barrel cap (B domain), and 
a regulator C-terminus (C domain; Jurica et al. 1998). Our fragments align with the B and C domains, both of 
which are predicted to be unfolded prior to the binding of the allosteric regulator, fructose-1,6-biphosphate 
(Jurica et al. 1998). (B) YPR204W had the most hits of any protein in the activator library (dark blue). 
Ypr204wp is predicated to have a helicase domain (grey; Yamada et al. 1998, Shiratori et al. 1999). 
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However, none of our fragments aligned to this region. We used the disorder prediction software GlobPlot to 
analyze this sequence (Linding et al. 2003). The fragments we recover from our screen (dark blue) overlap 
with the regions predicted by GlobPlot to have low complexity (light blue) and disorder (goldenrod), as with 
CDC19. (C) We subcloned a region of CDC19p (A, teal) and YPR204W (B, teal) and tested their ability to 
act as positive regulators. They both give a small, but reproducible increase in target fluorescence. As with 




Post-transcriptional regulation is essential for gene expression in a diverse number of 
biological processes. In recent years, technological improvements in mass spectrometry, 
RNA sequencing, and the advent of ribosome profiling have highlighted that post-
transcriptional regulation is of genome-wide importance rather than a unique feature of a 
few discrete genes. We anticipate that many post-transcriptional events occur through 
the interaction of transcripts with RNA binding proteins (RBPs). Several studies have 
cataloged the ensemble of proteins bound to the transcriptome (Hogan et al. 2008, 
Tsvetanova et al. 2010, Mitchell et al. 2012, Baltz et al. 2012, Kwon et al. 2013; 
Beckmann et al. 2015). RBPs recovered from these studies often lack RBDs or 
annotated RNA-associated functions. To expand our understanding of functional roles of 
RBPs, we developed a methodology for functionally characterizing post-transcriptional 
regulators on a genome-wide level. This methodology incorporates our approach for 
generating genome-wide protein expression libraries with an in vivo tethering system to 
characterize post-transcriptional regulators through changes in target to non-target 




Figure 3-7: Summary of screen 
We sought to probe post-transcriptional activity on a genome level. (i.) To accomplish this, we fragmented 
information-rich yeast genomic DNA. (ii.) This population was recombined into expression vectors in dual 
fluorescent tethering yeast. (iii.) Populations of in-frame fragments were selected in custom large-volume 
turbidostats using marker-based selection (as described in chapter 2). (iv.) Resulting populations of in-frame 
tether fusions have the potential to act as non-regulators, repressors, or activators. (v.) Using fluorescence 
activated cell sorting (FACS), we can separate these three different populations. These sorted cells are used 
to generate libraries of fragments that correspond to potential activators or regulators. Using a single color 
and tether combination (mCherry-boxb, fragment-λN), we can recover tens of thousands of potential 
activators and repressors. We verified three out of four initial hits from this screen, and we are actively 
developing a statistical framework for identifying more functional post-transcriptional regulators. 
 
Our design allows us to easily swap the targeted reporter or the tether, accounting for 
reporter- or tether-specific variation. From a single run of this screen using one set of 
reporters and a single tether, we identified over ten thousand fragments that can be 
classified as activators or repressors based on their enrichment in the resulting libraries. 
In this study, we describe four proteins identified in our screen, two activators and two 
repressors. For three out of the four hits, we demonstrate the validity of the screen in 
generating and selecting for bona fide post-transcriptional regulators. We are currently 
developing a statistical framework for parsing fragment- and protein-level significance of 
the remaining several thousand regulatory fragments as either activators or repressors. 
Using the information from this statistical analysis, we can confidently characterize 
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proteins for their functional roles, extending our understanding from identifying proteins 
to functionally describing them.  
 
 
Figure 3-8: Future directions 
Our screen provides information about the regulatory outcome  (positive or negative) that a potential 
regulator exerts on a reporter transcript. It does not currently define the level of regulation, the native targets, 
or the molecular mechanism for regulation. We are developing several tools to address these questions. (A) 
We are optimizing flow cytometry fluorescence in situ hybridization (FLOW-FISH) to simultaneously assay 
reporter transcript abundance and protein abundance to distinguish protein stability from translational 
efficiency. (B) Simultaneously, we’re developing tandem affinity purification (TAP) tagging systems to 
perform native target identification using high-throughput sequencing cross-linking immunoprecipitation 
(HITS-CLIP). (C) We can apply this same purification system to assay associated effector proteins using 





In the future, we plan to follow up on our current validated hits (Pat1, Cdc19, and 
Ypr204w) and other statistically defined regulators using molecular techniques to define 
both native targets and the mechanism for regulation. Post-transcriptional regulation can 
occur at either the level of modulating stability or translational efficiency. To differentiate 
these two levels, we are optimizing a protocol for flow cytometry fluorescent in situ 
hybridization (FLOW-FISH) to simultaneously measure abundance of target and non-
target transcripts relative to their protein abundances (Figure 3-8A). In addition, we want 
to know the biological role of these reporters: what transcripts do they target, and how 
do they enact their regulation? To identify native transcript targets, we are developing a 
tandem affinity purification tagging (TAP-tagging) system using high-throughput 
sequencing cross-linking immunoprecipitation (HITS-CLIP; Figure 3-8B). This same 
TAP-tagging system can be used to identify co-acting protein partners by using cross-
linking immunoprecipitation mass spectrometry (CLIP-MS; Figure 3-8C). These 
approaches will provide systems-level information about the role and mechanism of 
proteins identified through our screen. In addition, the systems described here are easily 
adapted for use in other biological systems such as cultured mammalian cells. The 
combination of our screen with downstream identification of targets and co-actors will 








Upstream open reading frames (uORFs) as important post-transcriptional 
regulatory elements 
 
Introduction and preface 
 
Prior to this chapter, we focused on post-transcriptional regulation as mediated by trans-
acting RBPs. However, there are several well studied examples where cis-acting 
features play a role in determining the post-transcriptional regulation of a transcript. Of 
particular interest are the upstream open reading frames (uORFs). A uORF is defined as 
an in-frame start and stop codon that occur within the 5′ untranslated region (UTR) or 
transcript leader (TL; Arribere & Gilbert, 2013) of a transcript. These ORFs can occur 
strictly within the TL or can overlap with the coding sequence (CDS) of the transcript 
itself. Until the last decade, uORFs were thought to reside on only a handful of 
transcripts; however, many uORFs have been identified since. The following piece was 
written by the thesis writer, Anna McGeachy, as a review of the current understanding of 
uORFs for The EMBO Journal in tandem with the publication of a paper (Johnstone et 
al. 2016). The article highlights the nature of uORFs, our expectations of their 
translation, and how these cis-acting factors are thought to regulate post-transcriptional 
fates. 
 
The review was originally published online in The EMBO Journal on February 19, 2016. 
In line with The EMBO Journal and Wiley Publishing’s permission policies, authors are 
allowed to reprint in whole or part the text in a new publication by the authors as long as 
appropriate citation is given (http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1460-
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2075/homepage/Permissions.html).  For the purpose of this thesis, we the authors (Anna 
McGeachy and Nicholas Ingolia) have reproduced the manuscript in it’s original form as 
it provides a useful review by the thesis writer, Anna McGeachy, of the state of 
understanding uORF regulation. The only change made to the manuscript is to rename 
the figures to match the scheme (chapter-figure number) of the thesis. An online version 
of the original text can be found via EMBO’s archiving (embj.201693946) or through the 




Starting too soon: upstream reading frames repress downstream translation 
 
Upstream open reading frames (uORFs) are known to regulate a few specific transcripts, 
and recent computational and experimental studies have suggested candidate uORF 
regulation across the genome. In this issue, Johnstone et al (2016) use ribosome 
profiling to identify translated uORFs and measure their effects on downstream 
translation. Furthermore, they show that regulatory uORFs are conserved across 
species and subject to selective constraint. Recognizing the potential of uORFs in 
regulating translation expands our understanding of the dynamic regulation of gene 
expression. 
 
Differences in the translation level of distinct mRNAs play an important role in controlling 
the production of the encoded protein. Changes in translation drive posttranscriptional 
gene expression programs that play critical roles in diverse processes ranging from 
cellular stress responses to memory formation. Despite the importance of differential 
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translation, we have a limited understanding of the cis‐acting mRNA features that 
determine the stability or translation state of an mRNA (Brar et al, 2012; Arribere & 
Gilbert, 2013; Calvo et al, 2009). Johnstone et al (2016) now provide evidence for a 
global impact of short upstream open reading frames (uORFs) on translation. 
 
In eukaryotes, the small subunit of the ribosome typically scans from the 5′ end of an 
mRNA until it recognizes a start codon. The transcript leader sequence (TLS), also 
known as the 5′ untranslated region, scanned by the ribosome can thus modulate 
translation initiation in order to control protein synthesis. In particular, the presence of 
upstream start codons in the transcript leader can recruit scanning ribosomes to an 
alternate reading frame, reducing the fraction that reach the start codon for the major 
protein (Johnstone et al, 2016; Arribere & Gilbert, 2013). Regions that show no overlap 
with the CDS are termed upstream open reading frames (uORFs), while those that start 
prior to CDS AUG but finish within the CDS are called overlapping open reading frames 
(oORFs; Johnstone et al, 2016). Calvo et al (2009) provided direct evidence that the 
presence of a uORF represses downstream CDS translation in the context of reporters 
bearing endogenous, uORF‐containing TLSs. Furthermore, uORFs can specify dynamic 
regulation. In the stress‐specific transcription factors ATF4 (in mammals) and GCN4 (in 
yeast), upstream initiation sites repress protein production under normal cellular 
conditions (Sonenberg & Hinnebusch, 2009). Under stress, global translation levels 
decrease; however, ATF4 and GCN4 synthesis is paradoxically upregulated in an 




While it is possible to computationally identify upstream TLS AUG codons, these 
potential initiation sites may not actually be engaged by ribosomes. The advent of 
ribosome profiling now allows direct interrogation of ribosome occupancy in TLSs 
(Figure 4-1A) and has identified translated uORFs (Ingolia et al, 2009; Arribere & Gilbert, 
2013) that in some cases produce peptides detectable by mass spectrometry (Bazzini et 
al, 2014; Saghatelian & Couso, 2015). Ribosome profiling provides information about 
ribosome occupancy at single nucleotide precision, and several metrics now exist to 
calculate the likelihood of a ribosome profiling signal corresponding to active translation 
of a given reading frame (Ingolia et al, 2014; Chew et al, 2013). Bazzini et al (2014) 
utilized the triplet periodicity from such nucleotide level profiles to classify translation 
status on a genome wide level across zebrafish developmental stages, using a metric 
termed ORF score (Figure 5-1B). Johnstone et al (2016) now ask how empirically 





Figure 4- 1: Ribosome profiling detects uORF translation and downstream repression 
(A) Ribosome profiling maps the location of ribosomes across a transcript using deep sequencing of 
ribosome protected fragments (RPFs) (Ingolia et al, 2009). In addition to the major protein coding sequence 
(CDS), RPFs can be seen in upstream open reading frames (uORF). (B) RPFs offer nucleotide level 
resolution that can map to any of the three potential reading frames. Bazzini et al (2014) utilized this triplet 
periodicity to generate an ORFscore. This ORFscore can be used to classify actively translated regions. In 
this issue, Johnstone et al (2016) apply ORFscore classification to separate computationally defined uORFs 
by their translation status. (C) Johnstone et al (2016) find that confidently translated uORFs correlate with 
repression of the downstream CDS translation. Moreover, overlapping open reading frames (oORFs) act as 




Using ORF score, Johnstone et al (2016) identify over a thousand zebrafish transcripts 
with confidently translated uORFs, including several developmentally important genes. 
Previous studies suggest uORFs generally repress the downstream CDS (Calvo et al, 
2009; Arribere & Gilbert, 2013), and using matched RNA sequencing, Johnstone et al 
(2016) calculate a score of translation efficiency (TE) for the major transcript product as 
well. They show that on a genomewide scale, the presence of a translated uORF 
correlates with decreased downstream CDS translation and transcript stability relative to 
non‐uORF‐containing transcripts (Figure 5-1C). Moreover, the repression of the 
downstream CDS is greater in the presence of overlap with the upstream region 
(oORFs) or stronger uORF translation. 
 
uORFs provide functionally important repression, mediated by the titration of initiating 
ribosomes away from downstream genes. Johnstone et al (2016) demonstrate 
conservation of the presence of uORFs and selective constraints on sequence features 
that confer strong translation initiation. Furthermore, these sequence features positively 
correlate with the strength of downstream translation repression across zebrafish genes. 
In contrast, the peptide sequences of regulatory uORFs do not show selective constraint 
as seen in truly functional micropeptides (Saghatelian & Couso, 2015). This suggests 
that the functional importance of uORFs is dependent on features that drive uORF 
translation rather than the specific peptide produced. 
 
The next challenge for the field will be understanding the mechanism by which these 
TLS reading frames can provided dynamic regulation. In the case of ATF4 and GCN4, 
translation of the CDS is only accomplished under cases of cellular stress, and loss of 
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this stress‐induced translation is linked to diabetes and neurodegenerative disorders 
(Sidrauski et al, 2015; Sonenberg & Hinnebusch, 2009). This regulation depends on 
phosphorylation of translation initiation factor eIF2α, which is thought to promote the 
bypass of repressive uORFs. 
 
Because eIF2α is required for essentially all translation initiation events, this acts as a 
global method of regulation. Dynamic regulation of specific transcripts can result from 
the interaction between repressive uORFs and sequence‐specific RNA‐binding proteins, 
as seen in Drosophila SXL2 control of msl2 translation (Medenbach et al, 2011). Direct 
detection and measurement of uORF translation by ribosome profiling, as demonstrated 
by Johnstone et al (2016), promises further insights into the dynamic process of uORF‐







Genome-wide interrogation of the Unfolded Protein Response (UPR) and the role 
of Integrative Stress Response Inhibitor (ISRIB) 
 
Introduction and preface 
 
A key component of cellular homeostasis is the management of the translation state of 
the cell. Accumulation of unfolded or unmodified proteins in the lumen of the 
endoplasmic reticulum is an indication of cellular stress. Detection of ER-protein stress 
triggers a pathway known as the unfolded protein response (UPR). Disregulation of the 
UPR is responsible for several human diseases, including neurodegenerative disorders 
(Sonenberg & Hinnebusch, 2009; Pavitt and Ron 2012, Scheper and Hoozemans, 
2015), diabetes (Harding et al. 2001, Scheuner et al. 2005, Wek et al. 2006; Walter and 
Ron 2011), and cancer (Walter and Ron 2011; Vandewynckel et al. 2013). As such, 
understanding how the UPR is activated and how it controls stress responsive gene 
expression programs will impact many aspects of human health. The Walter lab 
identified a small molecule, integrated stress response inhibitor (ISRIB), that alleviated 
UPR-driven phenotypes (Siduraski et al. 2013). In collaboration with the Walter lab, the 
thesis writer and advisor, Anna McGeachy and Nicholas Ingolia respectively, performed 
a global analysis of the UPR. 
 
The UPR consists of three pathways (Figure 5-0A), each signaled by a distinct ER-
membrane embedded protein: activating transcription factor 6 (ATF6), inositol-requiring 
enzyme 1 (Ire1), and Pkr-like ER-kinase (Perk). Two of these factors, Atf6 and Ire1, are 
associated with transcriptional pathways. Briefly Atf6, is a transcription factor that is 
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sequestered to the ER until detection of ER-stress (Haze et al. 1999). Upon activation of 
the UPR, Atf6 is trafficked to the Golgi and subsequently cleaved by S1P and S2P; the 
N-terminal fragment is then free to translocate into the nucleus and enact transcriptional 
control (Figure 5-0A-i; Haze et al. 1999; Ye et al. 2000; Walter and Ron 2011). Ire1 has 
an inter-luminal domain for the detection of ER stress, upon which Ire1 oligomerizes to 
activate intrinsic RNAse and kinase activities (Chen and Brandizzi 2013). While Ire1 can 
act as a general cellular RNAse to degrade ER-associated mRNAs, Ire1 specifically 
drives the removal of a latent intron in hac1 (fungal) or xbp1 (metazoan) mRNA to 
promote cytosolic splicing of the mature transcript (Figure 5-0A-ii; Yoshida et al. 2001; 
Walter and Ron 2011; Chen and Brandizzi 2013). Xbp1/Hac1 then act as a transcription 
factor to induce expression of genes to mitigate and adapt to stress (Figure 5-0A-ii; 





Figure 5-0: The unfolded protein response (UPR) drives adaptation through three pathways, one 
specific to translation 
(A) The UPR has three sensor and downstream pathways: Atf6 (A-i), Ire1 (A-ii), and Perk (A-iii). (i.) Upon 
detection of ER stress, Atf6 is translocated to the Golgi and cleaved to liberate the N-terminal transcription 
factor portion. (ii.) Ire1 remains ER localized and forms higher-order oligomers. These oligomers have 
RNAse activity that drive the removal of a latent intron in xbp1 mRNA. The remaining exons are spliced and 
translated to produce active Xbp1 transcription factor protein. (iii.) Perk activates through auto-dimerization 
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and auto-phosophorylation. The activated Perk’s major substrate is eIF2α. The ternary complex of eIF2α-
GTP-Met-tRNA is essential for each round of translation initiation. Following initiation, the tRNA is released 
and GTP is hydrolyzed. Typically, eIF2α is recharged for subsequent rounds of initiation through the action 
of eIF2B. Phosphorylated-eIF2α cannot be recycled. As such, this drives a global block of translation; 
however, there are specific transcripts that experience paradoxical upregulation. (B) The model for this 
paradoxical regulation is dependent on the presence of upstream open reading frames (uORFs) in the 
specifically upregulated transcripts, here shown for Atf4. (i.) Under normal cellular conditions, abundant 
ternary eIF2α complex allows for re-initiation at the uORFs, but not the major transcript coding sequence 
(CDS). (ii.) Under the current model, when eIF2α becomes limited, the delay in re-initiation permits 
translation initiation at the CDS, but not the downstream uORFs. (iii.) In contrast to the standing model, our 
ribosome profiling data shows evidence of translation at all uORFs as well as the CDS. While the 
mechanism for permissive re-initiation at both uORF and CDS is unclear, it provides evidence against the 
current model of strictly eIF2α-limited driven regulation.  
 
The third UPR pathway, Perk (Figure 6-0A-iii, is implicated in translational regulation. 
Similar to IRE1, Perk has an inter-luminal domain for the detection of ER-stress (Ron 
and Walter 2007). Upon detection of stress, Perk becomes activated through self-
association and -phosphorylation (Figure 5-0A-iii). The primary substrate for the 
activated kinase domain is eukaryotic initiation factor 2 subunit alpha (eIF2α); however, 
there is evidence for additional substrates (Cullinan et al. 2003; Sidrauski et al. 2015, 
below). The substrate eIF2α is a key factor in mediating cellular translation response to 
stress as it is the convergence point for the four-pronged integrative stress response 
(ISR, Figure 5-0A; Harding et al. 2003, Wek et al. 2006, Roux and Topisirovic 2012, 
Chen 2014, Castilho et al. 2014). The importance of eIF2α in mediating cellular stress 
responses derives from the central role of eIF2α in translation initiation. eIF2α 
associates with charged methionine-tRNA (Figure 5-0A-iii, grey) and GTP (Figure 5-0A-
iii, bright green) and as such is essential for each round of translation initiation. Start 
codon selection drives hydrolysis of GTP and release of eIF2α (Kapp and Lorsch, 2004; 
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Sonenberg and Hinnebusch, 2009; Jackson et al. 2010). The complex is recharged and 
reloaded for subsequent rounds of translation initiation through interactions with 
eukaryotic initiation factor 2 subunit B (eIF2B, Figure 5-0A-iii, light blue). Phosphorylation 
of eIF2α at serine 51 by PERK or any of the ISR kinases blocks recharging by eIF2B. As 
a result, the pool of initiation-competent eIF2α is drastically limited in stressed cells, 
blocking translation initiation at a global level (Kapp and Lorsch, 2004; Sonenberg and 
Hinnebusch, 2009; Jackson et al. 2010). However, under these competent eIF2α-limited 
conditions, translation of several transcripts is paradoxically upregulated, including ATF4 
(Harding et al. 2003), ATF5, and CHOP (Figure 5-0A-iii; Jackson et al. 2010). Our 
analysis of the global UPR response recovered the expected targets as well as several 
novel translational upregulation targets (Siduraski et al. 2015, below).  
 
The paradoxical upregulation of these specific transcripts is thought to be driven by an 
upstream open reading frame (uORF; Figure 5-0B). uORFs are defined as an in-frame 
start and stop codon contained in the 5′ untranslated region (UTR) or transcript leader 
(TL; Arribere and Gilbert, 2013) and have been the topic of several recent global studies 
(Brar et al. 2012, Bazzini et al. 2014, Johnstone et al. 2016). Under normal cellular 
conditions, the translation-competent eIF2α preinitiation complex (PIC) is thought to be 
abundant across TLs (Figure 5-0B-i). Given this abundance, the ribosome is thought to 
start translation at the first optimal start codon (e.g. uORF1) and be capable of re-
initiating at downstream ORFs (Figure 5-0B-i). When eIF2α is limited through 
phosphorylation-blockage of recycling, the current model predicts that the the limited 
abundance allows for delayed scanning and reinitiation at the major transcript coding 
sequence (CDS) only (Figure 5-0B-ii; Wek et al. 2006; Sonenberg and Hinnebusch 
2009; Jackson et al. 2010; Pavitt and Ron 2012). However, based on the ribosome 
profiling data we collected under UPR conditions, initiation occurs at all uORFs as well 
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as the major CDS (Figure 5-0B-iii; Sidrauski et al. 2015, below). While the mechanism 
for permissive translation at the CDS is unclear, our data provides evidence against the 
current model and motivation for further downstream studies. 
 
The following was originally published online in eLife on February 9, 2016. In line with 
eLife’s open access policies, the article is governed by the Creative Commons license 
(http://creativecommons.org/licenses/by/4.0/). As such, there are no limitations on 
reprinting the work in whole or in part as long as proper attribution is given. For the 
purpose of this thesis, we (Anna McGeachy and Nicholas Ingolia, two of the four 
authors)  
have edited the manuscript to focus on the contribution of the thesis writer, Anna 
McGeachy. Additional content that was included in the article at the time of publication 
but was not performed in part or whole by Anna McGeachy will be added in the appendix 
under a section called “Results from Collaborators”.  In addition, the manuscript has 
been edited to rename the figures to match the scheme (chapter-figure number) of the 
thesis. An online version of the original text can be found via eLife’s archiving (eLife 
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Previously, we identified ISRIB as a potent inhibitor of the integrated stress response 
(ISR) and showed that ISRIB makes cells resistant to the effects of eIF2α 
phosphorylation and enhances long-term memory in rodents (Sidrauski et al., 2013). 
Here, we show by genome-wide in vivo ribosome profiling that translation of a restricted 
subset of mRNAs is induced upon ISR activation. ISRIB substantially reversed the 
translational effects elicited by phosphorylation of eIF2α and induced no major changes 
in translation or mRNA levels in unstressed cells. eIF2α phosphorylation-induced stress 
granule (SG) formation was blocked by ISRIB. Strikingly, ISRIB addition to stressed cells 
with pre-formed SGs induced their rapid disassembly, liberating mRNAs into the actively 
translating pool. Restoration of mRNA translation and modulation of SG dynamics may 
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be an effective treatment of neurodegenerative diseases characterized by eIF2α 




Diverse cellular conditions activate an integrated stress response (ISR) that rapidly 
reduces overall protein synthesis while sustaining or enhancing translation of specific 
transcripts whose products support adaptive stress responses. The ISR is mediated by 
diverse stress-sensing kinases that converge on a common target, serine 51 in 
eukaryotic translation initiation factor alpha (eIF2α) eliciting both global and gene-
specific translational effects (Harding et al., 2003; Wek et al., 2006). Mammalian 
genomes encode four eIF2α kinases that drive this response: PKR-like endoplasmic 
reticulum (ER) kinase (PERK) is activated by the accumulation of unfolded polypeptides 
in the lumen of the ER, general control non-derepressible 2 (GCN2) kinase by amino 
acid starvation and UV light, protein kinase RNA-activated (PKR) by viral infection, and 
heme-regulated eIF2α kinase (HRI) by heme deficiency and redox stress. The eIF2α 
kinase PERK is also part of the unfolded protein response (UPR). This intracellular 
stress signaling network is comprised of three ER-localized transmembrane sensors, 
IRE1, ATF6, and PERK, which initiate unique signaling cascades upon sensing an 
increase in unfolded proteins in the ER lumen (Walter and Ron, 2011; Pavitt and Ron, 
2012).  
 
The common mediator of the ISR, eIF2α, is a subunit of an essential translation initiation 
factor conserved throughout eukaryotes and archaea. The heterotrimeric eIF2 complex 
(composed of subunits α, β and γ) brings initiator methionyl tRNA (Met-tRNAi) to 
translation initiation complexes and mediates start codon recognition. It binds GTP along 
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with Met-tRNAi to form a ternary complex (eIF2- GTP-Met-tRNAi) that assembles, along 
with the 40S ribosomal subunit and several other initiation factors, into the 43S pre-
initiation complex (PIC). The 43S PIC is recruited to the 5′ methylguanine cap of an 
mRNA and scans the 5′UTR for an AUG initiation codon (Hinnebusch and Lorsch, 2012). 
Start site codon recognition triggers GTP hydrolysis and phosphate release, which is 
followed by release of eIF2 from the 40S subunit, allowing binding of the 60S ribosomal 
subunit to join. After these events, the elongation phase of protein synthesis ensues. To 
engage in a new round of initiation, the newly released eIF2 complex has to be re-
loaded with GTP, a reaction catalyzed by its dedicated guanine nucleotide exchange 
factor (GEF), the heteropentameric eukaryotic initiation factor 2B (eIF2B). 
Phosphorylation of eIF2α does not directly affect its function in the PIC, but rather 
inhibits eIF2B, thereby depleting ternary complex and reducing translation initiation 
(Krishnamoorthy et al., 2001). eIF2B complex is limiting in cells, present in lower 
abundance than eIF2; a small amount of phosphoeIF2α therefore acts as a competitive 
inhibitor with dramatic effects on eIF2B activity. When eIF2B is inhibited and ternary 
complex is unavailable, the rate of translation initiation decreases.  
 
Unimpaired elongation in the face of reduced initiation allows translating ribosomes to 
run off of their mRNAs, generating naked mRNAs that can then bind to RNA-binding 
proteins (RBPs) and form messenger ribonucleoproteins, which can further assemble 
into stress granules (SGs). These cytoplasmic, non-membrane bounded organelles 
contain translationally stalled and silent mRNAs, 40S ribosomal subunits and their 
associated pre-initiation factors and RBPs; these RBPs facilitate the nucleation and 
reversible aggregation of SGs through reversible, low-affinity protein–protein interactions 
mediated by their low complexity domains (Buchan and Parker, 2009; Kedersha and 




Paradoxically, under conditions of reduced ternary complex formation and protein 
synthesis, a group of mRNAs is translationally up-regulated. These mRNAs contain 
short upstream open reading frames (uORFs) in their 5′ UTRs, which are required for 
their ISR-responsive translational control (Hinnebusch, 2005; Jackson et al., 2010). 
These target transcripts include mammalian ATF4 (a cAMP response element binding 
transcription factor) and CHOP (a pro-apoptotic transcription factor) (Harding et al., 
2000; Vattem and Wek, 2004; Palam et al., 2011). ATF4 regulates the transcription of 
many genes involved in metabolism and nutrient uptake and thus is a major regulator of 
the transcriptional changes that ensue upon eIF2α phosphorylation and ISR induction 
(Harding et al., 2003). Although activation of this cellular program can initially mitigate 
the stress and confer cytoprotection, persistent and severe stress and its associated 
reduction in protein synthesis and CHOP activation lead to apoptosis (Tabas and Ron, 
2011; Lu et al., 2014).  
 
In animals, the ISR has been implicated in diverse processes ranging from the regulation 
of insulin production to learning and memory. These effects were studied first using 
genetics by generating knockout mice lacking individual eIF2α kinases as well as a 
knock-in of the non-phosphorylatable allele eIF2αS51A (Eif2s1S51A). Homozygous loss 
of eIF2α phosphorylation leads to perinatal death but heterozygous eIF2α+/S51A 
animals, which have reduced levels of eIF2α phosphorylation, grow into healthy adults 
showing phenotypes that demonstrate the importance of translation initiation in 
establishment of long-term memories (Scheuner et al., 2001). Behavioral tests 
demonstrated that PKR −/− , GCN2−/− and eIF2α+/S51A animals display enhanced 
memory consolidation in learning paradigms of light training (Costa-Mattioli et al., 2005, 
2007; Zhu et al., 2011). Pharmacological modulation of eIF2α phosphorylation 
 
77 
represented an important advance, allowing easier discrimination between 
developmental and acute effects of ISR reduction and circumventing the lethal 
phenotype of homozygous eIF2αS51A/S51A. Recent work identified small molecules 
that modulate the ISR pathway at distinct steps: (1) kinase inhibitors that target PERK or 
PKR (Jammi et al., 2003; Atkins et al., 2013); (2) an activator of HRI (Chen et al., 2011); 
(3) salubrinal, an inhibitor of eIF2α phosphatases (Boyce et al., 2005); and (4) ISRIB 
(Sidrauski et al., 2013). By a yet unknown mechanism, ISRIB blunts the effects of eIF2α 
phosphorylation in cells and thus represents the first bona fide ISR inhibitor acting 
downstream of all eIF2α kinases.  
 
Here, we show that ISRIB reverses comprehensively and specifically the effects of eIF2α 
phosphorylation. By profiling the genome-wide translational program downstream of the 
ISR, we present the application of ribosome profiling to the ISR in mammalian cells, 
which allowed us to identify and quantify the translational changes that take place upon 
its induction and ISRIB treatment. Moreover, live cell imaging revealed that ISRIB 
addition can trigger a remarkably fast dissolution of phospho-eIF2α-dependent SGs in 




Ribosome profiling of ER stress in mammalian cells 
We used ribosome profiling to characterize translational changes induced by ER stress. 
Deep sequencing of ribosome-protected mRNA fragments provides global, quantitative 
measurements of translation and reveals the precise location of ribosomes on each 
mRNA (Ingolia et al., 2009, 2011). We triggered the UPR in HEK293T cells by treating 
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them with tunicamycin (Tm), a toxin that blocks N- linked glycosylation of ER-resident 
proteins. We chose to analyze an early time point (1 hr) in order to focus on translational 
changes preceding the extensive transcriptional induction that takes place upon 
activation of the three branches of the UPR (for a time course of UPR induction, see 
Figure 5-3—figure supplement 5-1 in 10.7554/eLife.00498). After 1 hr of Tm or mock 
treatment, we added cycloheximide (CHX) to arrest translating ribosomes, lysed the 
cells, and digested the extract with nuclease to degrade mRNAs not protected by 
ribosomes. In parallel, we isolated total mRNAs to monitor any changes in mRNA levels. 
Ribosome profiling data revealed a discrete subset of mRNAs that were translationally 
up- or down-regulated more than twofold after UPR induction (Figure 5-1A, above or 
below box) as seen by changes in abundance of ribosome-protected fragments (RPF) 
(‘Ribo-Seq’, y-axis) without corresponding changes in mRNA levels (‘mRNA-Seq’, x-
axis). Data points representing statistically significant changes in expression between 
Tm-treated and untreated (‘UT’) samples are highlighted in black. 
 
Consistent with the well-established presence of regulatory uORFs in their 5′-UTRs, this 
genome- wide analysis identified four previously extensively studied mRNAs that 
displayed significant translational upregulation: ATF4, ATF5, CHOP, and GADD34, 
(Figure 5-1A, colored pink). The mRNAs encoding the closely paralogous transcription 
factors ATF4 and ATF5 are known translational targets of the ISR (Lu et al., 2004; 
Vattem and Wek, 2004; Zhou et al., 2008). They contain two uORFs (the second one 
overlapping with the coding sequence [CDS]) that govern their enhanced translational 
efficiency. The mRNAs encoding the pro-apoptotic transcription factor CHOP and the 
regulatory subunit of the eIF2α phosphatase GADD34 were also significantly 
upregulated at the translational level. Although both CHOP and GADD34 are also known 
transcriptional targets of ATF4, we did not detect significant induction of their mRNAs at 
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this early time point (Figure 5-1A, lack of displacement along x-axis) indicating that at the 
time point chosen our analysis exclusively reports on translational effects. CHOP and 
GADD34 mRNAs also contain uORFs that allow for translational regulation upon eIF2α 
phosphorylation (Lee et al., 2009; Palam et al., 2011). 
 
We identified a total of 78 mRNAs whose translation changed significantly and 
substantially (more than twofold) upon ER stress in HEK293T cells (listed in Figure 5-
1—source data 5-2A). GO term analysis revealed the involvement of these genes in 
diverse functions and several encode for proteins with entirely unknown functions. 
Besides the four known ISR translational targets described above, six mRNAs in the list 
contain previously mapped uORFs as validated by ribosome profiling in the presence of 
a translation initiation inhibitor to mark initiation sites (Figure 5-1A, colored green and 
Figure 5-1—source data 5-2B) (Lee et al., 2012). Whereas 5% of the non-significantly 
changed genes in the Tm sample contain previously identified AUG-initiated uORFs, 
14% of genes in the list of ISR-translational targets contain uORFs, indicating a 
significant enrichment (p < 0.003, chi-squared test with Yates correction). 
 
A seventh and novel uORF-containing translational target of the ISR encodes SLC35A4, 
a putative nucleotide-sugar transporter (Song, 2013). It was recently shown that the 
longest uORF of SLC35A4 is indeed translated because peptides corresponding to the 
encoded polypeptide were found in a whole proteome mass spectrometry study (Kim et 
al., 2014). Analysis of RPFs in the uORFs of the SLC35A4 and ATF4 mRNAs revealed 
significant ribosome density, further confirming that these regulatory uORFs are normally 
translated (Figure 5-1—figure supplement 5-1). Due to the reduced mRNA expression 
levels of ATF5, CHOP, and GADD34 in the absence of stress or at early time-points of 
UPR activation, we did not analyze the RPFs or mRNA reads at specific locations along 
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these genes, as the read numbers were low. 
 
Interestingly, there was a slight reduction in translation of mRNAs encoding ribosomal proteins 
and translation elongation factors (Figure 5-1—figure supplement 5-2, panel A). The translation 
of this functionally related class of ∼100 abundant mRNAs, which have a 5′ terminal 
oligopyrimidine (5′ TOP) motif, is controlled by the activity of the mTOR kinase (Meyuhas, 
2000; Tang et al., 2001; Hsieh et al., 2012; Thoreen et al., 2012). The concerted changes that we 
observed in their translation upon UPR activation suggest that ER stress and eIF2α 




Figure 5-1. Translational regulation upon ER stress in mammalian cells.  
(A) Translational and mRNA changes in HEK293T cells upon ER stress. HEK293T cells were treated with or 
without 1 μg/ml of Tm for 1 hr. The y-axis represents fold changes in ribosome-protected fragments (Ribo-
Seq) between Tm-treated and control samples. The x-axis represents fold changes in mRNA levels (mRNA-
Seq) between Tm-treated and control samples. Data points reflecting significant changes (FDR-corrected p-
value < 0.1) between Tm treated and untreated (‘UT’) samples are shown in black and non-significant 
changes are shown in light grey. Note that genes with significant changes (black circles) are numerous in 
Tm-treated cells and thus the cloud of genes with no significant changes (grey circles) is mostly hidden in 
the background. Genes with substantially enhanced RFPs and uORFs that are known to be phospho-eIF2α-
dependently regulated are labeled pink. ISR-translational targets that contain previously identified uORFs 
are labeled in green. Triangles denote genes that fall beyond the axis range. The genes inside the grey box 
are those that change less than twofold in RPF or mRNA reads. Figure 5-1—source data 5-2A contains a list 
of all genes that change more than twofold in RPFs during Tm induction (FDR-corrected p-value < 0.1, 
corresponding to black circles above and below the box). (B) Translational and mRNA changes in cells co-
treated with Tm and ISRIB. HEK293T cells were treated with or without 1 μg/ml of Tm and 200 nM ISRIB for 
1 hr. The y-axis represents fold changes in ribosome-protected fragments (Ribo-Seq) between Tm + ISRIB-
treated and control samples. The x-axis represents fold changes in mRNA levels (mRNA-Seq) between Tm 
+ ISRIB-treated and control samples. Genes that significantly change when ISRIB co-administration 
modulates the effects of Tm treatment are shown in black (FDR- corrected p-value < 0.1). Figure 5-1—
source data 5-2C contains a list of all genes that change more than twofold in RPFs during Tm and ISRIB 
treatment (FDR-corrected p-value < 0.1). The identity of the ISR-translational targets that contain previously 
identified uORFs (labeled in green) was not included in this panel as they all collapsed to the center of the 
plot. (C) Translational and mRNA changes in ISRIB-treated cells. HEK293T cells were treated with or 
without 200 nM ISRIB for 1 hr. The y-axis represents fold changes in ribosome-protected fragments (Ribo-
Seq) between ISRIB-treated and control samples. The x-axis represents fold changes in mRNA levels 
(mRNA-Seq) between ISRIB-treated and control samples. Data points reflecting significant changes (FDR-
corrected p-value < 0.1) between ISRIB-treated and untreated (‘UT’) samples are shown in black and non-
significant changes are shown in light grey. Figure 5-1—source data 5-2D contains a list of all genes that 
change more than twofold in RPFs during ISRIB treatment (FDR-corrected p-value < 0.1, corresponding to 
black circles outside of the box). ATF4 and SLC35A4 (labeled in this panel) showed reduced translational 
efficiency upon addition of ISRIB. Two biological replicates were analyzed per condition. Number of reads 
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aligned to the genome and ORFs for all samples are Figure 5-1. found in Figure 5-1—source data 5-2E. 
Correlation plots for the replicates for each condition are found in Figure 5-1—figure supplement 5-3. mRNA 
abundance for all ORFs mapped are found in Figure 5-1—figure supplement 5-4. Read counts for all 
conditions and each individual transcript are found in Figure 5-1—source data 5-1. The Ribo-seq and 
mRNA-seq data have been deposited in NCBI’s Gene Expression Omnibus and are accessible through 
GEO series accession number GSE65778. 
DOI: 10.7554/eLife.05033.002 
 
The following source data and figure supplements are available for figure 1 (placed at the end of 
this chapter): 
Source data 5-1. Read counts for all conditions and each individual transcript. 
DOI: 10.7554/eLife.05033.003 
Source data 5-2. Source data for Figure 5-1.  
DOI: 10.7554/eLife.05033.004 
Figure supplement 5-1. Ribosome and mRNA densities in the 5’UTR of ATF4 and SLC35A4. 
 DOI: 10.7554/eLife.05033.005 
Figure supplement 5-2. Translational regulation of mTOR targets upon ER-stress. 
DOI: 10.7554/eLife.05033.006 
Figure supplement 5-3. Correlation plots for duplicate ribosome profiling experiments.  
DOI: 10.7554/eLife.05033.007 
Figure supplement 5-4. Mean mRNA abundance of all genes mapped.  
DOI: 10.7554/eLife.05033.008 
 
ISRIB substantially reduced the translational effects elicited by stress and eIF2α 
phosphorylation 
 
To study the translational effects of the small molecule ISRIB at a genome-wide level, 
we analyzed changes in RPFs and mRNA levels after addition of the drug to both ER-
stressed and unstressed cells. As seen in Figure 5-1B, ISRIB comprehensively blocked 
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the translational changes that take place upon ER-stress. A large number of genes with 
a significant change in expression upon stress collapsed to the center of the plot with 
ISRIB and Tm co-treatment (Figure 6-1B, highlighted in black). Importantly, ISRIB 
abolished the induction of the known phospho-eIF2α-dependent translational targets 
(Figure 5-1B, colored pink) and the seven ISR-translational targets with previously 
identified uORFs (Figure 5-1B, colored green). The mRNAs that remained translationally 
induced in the presence of ISRIB are listed in Figure 5-1—source data 5-2C. In addition, 
ISRIB reversed the reduction in translation of mTOR target mRNAs upon ER stress 
(Figure 5-1—figure supplement 5-2, panel B). 
 
Importantly, ISRIB treatment alone did not have general effects on translation in non-
stressed cells, as revealed by the lack of substantial changes in RPFs in most cellular 
mRNAs, nor did it cause any significant changes in mRNA levels (Figure 5-1C) and 
mTOR target expression (Figure 5-1—figure supplement 5-2, panel C). In the absence 
of ER stress, ISRIB-treated cells behaved like untreated cells with the exception of a 
reduction in the basal level of translation of ATF4 and SLC35A4 mRNAs and a few 
additional mRNAs (Figure 5-1C and Figure 5-1—source data 5-2C). Taken together, 
these data strongly support the notion that ISRIB does not have global effects on 
translation, transcription, or mRNA stability in non-stressed cells and underscores its 
remarkable ability to counteract selectively the translational changes elicited by eIF2α 
phosphorylation in stressed cells. 
 
[Two sections originally featured in the published version have been removed here: 
1.
 ISRIB prevents formation of stress granules exclusively triggered by eIF2α 
phosphorylation 
2.
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ISRIB is the first reported antagonist of the ISR that blocks signaling downstream of all 
eIF2α kinases. It was shown to have good pharmacokinetic properties and brain 
penetration, making it a useful tool to study the systemic effects of acute inhibition of the 
pathway. We showed that ISRIB administration enhances long-term memory in rodents 
(Sidrauski et al., 2013). More recently, we showed by electrical recordings in brain slices 
that by preventing AMPAR down-regulation in the post-synaptic neuron, ISRIB blocks 
mGluR-mediated long-term depression (LTD), an effect that is dependent on eIF2α 
phosphorylation (Di Prisco et al., 2014). Comprehensive analyses of the cellular effects 
and kinetics of action of ISRIB are critical for interpretation of its in vivo effects and 
assessment of its therapeutic potential.  
 
Our translational and transcriptional profiling confirmed that ISRIB treatment of ER-
stressed cells substantially and comprehensively blocks the translational effects of eIF2α 
phosphorylation. ISRIB blocked SG formation that was triggered by eIF2α 
phosphorylation but did not abolish their assembly upon eIF4A inhibition; eIF4A 
inhibitors do not cause eIF2α phosphorylation and can induce SGs in eIF2αS51A/S51A 
cells (Mazroui et al., 2006; Mokas et al., 2009). These data further support the notion 
that ISRIB solely inhibits cellular events that are a consequence of eIF2α 
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phosphorylation. In agreement with these observations, we previously showed by 
polyribosome sedimentation analysis that ISRIB does not reverse bulk translational 
down-regulation triggered by inhibition of CAP-dependent initiation (Sidrauski et al., 
2013). Moreover, ISRIB treatment alone did not induce overall changes in translation or 
mRNA levels. Taken together these data demonstrate that ISRIB is a pharmacological 
agent that acutely and specifically blocks the ISR and is thus an invaluable tool for in 
vivo studies. 
 
Translational regulation upon ISR induction 
 
The method of ribosome profiling can monitor in vivo translation comprehensively and 
with nucleotide resolution (Ingolia et al., 2009). We used this method to monitor 
translation of all cellular mRNAs upon ISR activation. We found that a limited set of 
mRNAs is preferentially translated in a substantial manner upon a reduction in ternary 
complex assembly. Although previous large-scale analyses have revealed that almost 
45% of all 5′ UTRs have at least one upstream uORF (Calvo et al., 2009; Ingolia et al., 
2011), our data revealed that only a few of these mRNAs contain uORFs with regulatory 
properties that significantly enhance translation of their downstream coding sequences 
upon eIF2α phosphorylation. The canonical ISR translational targets, ATF4, ATF5, 
CHOP, and GADD34 mRNAs were significantly induced upon 1 hr treatment with the 
ER-stressor tunicamycin. The stress-induced, uORF-mediated regulation of GCN4 
translation in yeast established the paradigm for this mode of regulation (Dever et al., 
1995; Grant et al., 1995). As in mammalian cells, GCN2 is activated in amino acid-
starved yeast by the accumulation of uncharged tRNAs, catalyzing eIF2α 
phosphorylation. The transcript encoding GCN4, a bZIP transcription factor with 
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homology to mammalian ATF4, has four uORFs that modulate translation of its coding 
sequence upon stress. GCN4 induction is thought to occur via a re-scanning mechanism 
that allows 40S ribosomal subunits to remain mRNA-bound after completing the 
translation of short reading frames and subsequently reinitiate in the downstream coding 
sequence after reloading with ternary complex (Hinnebusch, 2005). The select mRNAs 
that are translationally upregulated in mammalian cells have uORFs that vary in number, 
length, and distance from the coding sequences. As was observed for GCN4, the 
uORF2 of ATF4 mRNA showed ribosome density, supporting the notion that it is 
translated under normal growth conditions (Ingo- lia et al., 2009). Whether the same 
mechanism of rescanning is utilized by all these mRNAs is not known but, like ATF4, 
their regulation depends on their uORFs (Vattem and Wek, 2004; Zhou et al., 2008; Lee 
et al., 2009; Palam et al., 2011). 
 
SLC35A4 is a novel translational target of the ISR. Ribosome profiling of HEK293T cells 
upon arsenite treatment, a potent inducer of eIF2α phosphorylation, also revealed the 
increased synthesis of SLC35A4 (Andreev et al., 2015). It belongs to a large family of 
nucleotide sugar transporters (NSTs) that are highly conserved transmembrane 
antiporters localized to the ER or Golgi apparatus (Song, 2013). The role of SLC35A4 in 
cells is unknown but it may function as the elusive ER-localized UDP-glucose 
transporter. This hypothesis is particularly attractive in the context of our data because 
unfolded ER proteins, which trigger the ISR, are continuously de- and re-glucosylated on 
their N-glycans using UDP-glucose as the glucose donor. Proteins with 
monoglucosylated N-glycans bind calnexin or calreticulin which promote protein folding. 
Translational induction of SLC35A4 may thus quickly enhance UDP-glucose transport 





Ribosome profiling upon activation of the UPR uncovered additional mRNAs induced 
upon eIF2α phosphorylation (our data, Reid et al., 2014; Andreev et al., 2015). Several 
of these mRNAs encode for proteins with entirely unknown func- tions and the remaining 
targets are involved in a wide range of cellular processes. Whether these ISR-induced 
translational targets are similarly regulated by the presence of uORFs in their 5′ UTRs 
remains to be determined with the construction of synthetic translational reporters. ISRIB 
blocked their differential translation, suggesting that these changes were due to 
phospho-eIF2α. There may be additional transcripts that are synthesized later during 
ISR activation, downstream of the early transcription factor targets such as ATF4, as 
well as tissue-specific mRNAs that are controlled by phospho-eIF2α. For example, 
OPHN1 is a neuron- specific mRNA containing uORFs that is translationally upregulated 
after mGluR engagement and eIF2α phosphorylation and induces LTD. By block- ing the 
effects of phospho-eIF2α in cells, ISRIB also blocks mGluR-dependent LTD (Di Prisco et 
al., 2014). Ribosome profiling of glutamatergic neurons upon ISR induction may reveal 
additional transcripts whose translational control contributes to the molecular events 
underlying memory. 
 
The ribosome profiling data presented here revealed that eIF2α phosphorylation 
modestly, yet significantly, decreased translation of a large number of ribosomal proteins 
and elongation factors. Although the decrease in translation of ribosomal proteins and 
elongation factors upon eIF2α phosphorylation is small in magnitude, its effects on bulk 
protein synthesis in the cell are significant as these represent a large number of highly 
expressed proteins. Translation of these mRNAs was previously shown to be under 
control of mTOR kinase, which regulates mRNA cap-binding factor eIF4E via 
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phosphorylation of inhibitory eIF4E-binding proteins, thereby adjusting protein synthesis 
in cells in response to the cell’s energy and nutrient status (Ma and Blenis, 2009). In this 
way, mTOR preferentially regulates translation of a group of mRNAs characterized by 5′ 
TOP motifs (Hsieh et al., 2012; Thoreen et al., 2012). Upon mTOR inhibition, translation 
of 5′ TOP mRNAs is reduced and the expression of factors required for protein synthesis 
is diminished. 
 
The observed effect that eIF2α phosphorylation preferentially decreased translation of 5′ 
TOP mRNAs could, in principle, be due to inhibition of mTOR in response to ER stress. 
However, ISRIB reversed the translational changes, indicating that they are likely to be 
downstream consequences of eIF2α phosphorylation. Thus, if these translational 
changes do reflect altered mTOR activity, then the change in mTOR signaling must 
result from reduced translation mediated by eIF2α phosphorylation. Alternatively, eIF2α 
phosphorylation may lead to silencing of these mRNAs by recruiting them into SGs. The 
RNA binding proteins TIA-1 and TIAR, which are prominently SG-associated, were 
previously shown to bind to TOP mRNAs, leading to their translational downregulation 
upon amino acid starvation. This effect required both mTOR inhibition and GCN2 
activation, the latter resulting in eIF2 phosphorylation (Damgaard and Lykke-Andersen, 
2011). SGs also have been shown to recruit signaling molecules including upstream 
negative regulators of mTORC1 (raptor and DYRK3) and mTORC1 itself, and thus, SG 
formation may reduce their presence in the cytosol and impede translation of 5′ TOP 
mRNAs (Thedieck et al., 2013; Wippich et al., 2013). 
 
[One section originally featured in the published version have been removed here: 
1.
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Tunicamycin was obtained from Calbiochem EMB Bioscience. Thapsigargin, 
cycloheximide and sodium arsenite were obtained from Sigma–Aldrich. Hippuristanol 
and pateamine A were a kind gift from Jerry Pelletier. GSK797800 (PERK inhibitor) was 
obtained from TRC Inc. ISRIB (Sidrauski et al., 2013) and an inactive analog (754125) 
(Di Prisco et al., 2014) were synthesized in-house. 
 
Cell culture 
HEK293T, U2OS, and U2OS GFP-G3BP/Dcp1-RFP cells were maintained at 37 ̊C, 5% 
CO2 in DMEM media supplemented with 10% FBS, L-glutamine and antibiotics 
(penicillin and streptomycin). U2OS cells stably expressing G3BP-GFP/Dcp1-RFP cells 
were a kind gift from Nancy Kedersha (Kedersha et al., 2008). 
 
Isolation of ribosome footprints and RNA 
HEK293T cells were treated with or without 1 μg/ml of tunicamycin, tunicamycin and 
ISRIB (200 nM), or ISRIB for 1 hr. Cycloheximide (CHX) (100 μg/ml) was added for 2 
min, cells were washed with ice cold PBS (with 100 μg/ml of CHX) and lysed in 20 mM 
Tris pH = 7.4 (RT), 200 mM NaCl, 15 mM MgCl, 1 mM DTT, 8% glycerol, 100 μg/ml 
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CHX, 1% Triton and protease inhibitors (Roche complete EDTA-free). A syringe 
(25G5/8) was used to triturate cells, the lysate was clarified at 12,000 rpm for 10 min and 
half of the lysate was used for RNA extraction (Trizol, Invitrogen, Carlsbad, CA) and the 
other half was digested with RNase I (Ambion). The amount of RNase I and time of 
incubation was optimized for each sample based on the collapse of polyribosomes to the 
monosome peak as analyzed by analytical polyribosome gradients. The reaction was 
quenched with SUPERaseIn (Ambion, Life Technologies) and the digested lysate was 
then loaded on an 800 μl sucrose cushion (1.7 g of sucrose was dissolved in 3.9 ml of 
lysis buffer without Triton) and centrifuged in a TLA100.2 rotor at 70,000 rpm for 4 hr. 
The pellet was resuspended in 10 mM Tris pH = 7 (RT), and RNA was extracted 
(phenol/chloroform). 
 
Generation of sequencing libraries and data analysis 
Sequencing libraries were generated as described in Ingolia et al., 2012. For data 
analysis, we used DESeq as described by Anders and Huber (2010). P-adj values (p-
values) were calculated using the R command ‘p.adjust’ for multiple comparisons and 
the BH method (Benjamini and Hochberg, 1995) to correct for false discovery rate. The 
data in this publication have been deposited in NCBI’s Gene Expression Omnibus and 
are accessible through GEO series accession number GSE65778. 
 




 Live cell microscopy 
3.
 Protein analysis 
4.




While they contribute to the overall story, the work down within was not performed by the 





We thank Margaret Elvekrog, Voytek Okreglak, Shelley Starck, and Jirka Peschek for 




CS, NTI, Conception and design, Acquisition of data, Analysis and interpretation of data, 
Drafting or revising the article; AMMG, Acquisition of data, Analysis and interpretation of 
data, Drafting or revising the article; PW, Analysis and interpretation of data, Drafting or 






Figure supplement 5-1. Ribosome and mRNA densities in the 5’UTR of ATF4 and SLC35A4. 
DOI: 10.7554/eLife.05033.005 
mRNA reads (y-axis) are represented along the sequence of each gene (x-axis) in the upper panel. 
Ribosome footprint (ribo) reads (y-axis) are represented along the sequence of each gene (x-axis) in the 
lower panel. The known and predicted uORFs are indicated along the sequence in green. The ORF is 
indicated along the sequence in blue. 
 
 
Figure supplement 5-2. Translational regulation of mTOR targets upon ER-stress. 
DOI: 10.7554/eLife.05033.006 
(A) Cells were treated with or without 1 μg/ml of Tm for 1 hr. The y-axis represents fold changes in 
ribosome-protected fragments (Ribo-Seq) between Tm-treated and control samples. The x-axis represents 
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fold changes in mRNA levels (mRNA-Seq) between Tm-treated and control samples. Only mTOR 
translational targets are plotted (colored light green). Significant changes in mTOR genes (FDR-corrected p-
value < 0.1) between Tm-treated and untreated (UT) are highlighted in black. (B) Cells were treated with or 
without 1 μg/ml of Tm and 200 nM ISRIB for 1 hr. The y-axis represents fold changes in ribosome-protected 
fragments (Ribo-Seq) between Tm + ISRIB-treated and control samples. The x-axis represents fold changes 
in mRNA levels (mRNA-Seq) between Tm + ISRIB-treated and control samples. Only mTOR translational 
targets are plotted (colored light green). Genes that significantly change when ISRIB co-administration 
modulates the effects of Tm treatment are shown in black (FDR-corrected p-value < 0.1). (C) Cells were 
treated with or without 200 nM ISRIB for 1 hr. The y-axis represents fold changes in ribosome-protected 
fragments (Ribo-Seq) between ISRIB-treated and control samples. The x-axis represents fold changes in 
mRNA levels (mRNA-Seq) between ISRIB-treated and control samples. Only mTOR translational targets are 
plotted (colored light green). Significant changes in mTOR genes (FDR-corrected p-value < 0.1) between 





Figure supplement 5-3. Correlation plots for duplicate ribosome profiling experiments.  
DOI: 10.7554/eLife.05033.007 
The detected ribosome (ribo) or mRNA density is plotted for each gene in each experimental condition 
(untreated [UT], tunicamycin [Tm], tunicamycin + ISRIB [Tm + ISRIB] and ISRIB). Correlation coefficients 





Figure supplement 5-4. Mean mRNA abundance of all genes mapped.  
DOI: 10.7554/eLife.05033.008 
The x-axis represents log2 (mean normalized count) for each mRNA mapped and the y-axis represents log2 
fold changes in mRNA abundance in the different experimental conditions: Tm (panel A), Tm + ISRIB (panel 
B), and ISRIB (panel C). Previously known phospho-eIF2α-dependent ISR translational targets are 











We have expanded our understanding of post-transcriptional regulation by identifying 
post-transcriptional activators and repressors out of a genome-scale protein expression 
library. Our work complements the RBP literature with functional description for putative 
regulators of translation and mRNA stability. We have employed ribosome profiling to 
capture the full range of ISR-mediated genes, thereby identifying additional uORFs and 
providing nucleotide-level resolution data on uORF occupancy. We demonstrate the 
impact of uORFs on downstream CDS regulation and regulatory potential for cis-acting 
features. Taken together, we have provided new insights into the cis- and trans-acting 




One major contribution of this thesis is a validated approach for genome-scale functional 
characterization of post-transcriptional regulators. In order to achieve this goal, we 
developed a system and equipment for creating and screening a genome-wide protein 
expression library. Building these genome-wide libraries provides a comprehensive and 
less biased approach to capturing potential regulators, which is important because 
sequence and functional annotations alone are not sufficient to predict RBPs. We then 
developed an assay to identify trans-acting regulators using a protein-RNA tethering 
system with fluorescent reporters. We combined this assay with our genome-wide 
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expression libraries to identify tens of thousands of unique potential regulatory fragments 
as well as verify the approach on a handful of candidate genes. Our catalogue of 
regulators extends our understanding of post-transcriptional regulation beyond the well-
studied examples discussed in the introduction to the genome-level studies that are 
increasingly essential for understanding complex molecular and cellular biology.  
 
We reviewed the role of cis-acting post-transcriptional regulation by uORFs on a 
genome-level. We then used ribosome profiling to characterize the global response to 
ER stress utilizing RNA sequencing and ribosome profiling in collaboration with the 
Walter lab. In this study, we detected the expected upregulation in translation of known 
transcripts as well as provide empirical evidence for additional upregulated transcripts all 
bearing uORFs. Our ribosome profiling data also provides nucleotide resolution 
information about ribosome occupancy and translation of these uORFs. Importantly, we 
demonstrate that the uORFs are occupied under stress conditions, providing evidence to 
revise the model of regulation in response to eIF2α phosphorylation. The addition of 
novel uORF regulated transcripts as well as insights into the mechanism of this 
regulation expands the understanding of cis-acting regulators on post-transcriptional 
regulation to a genome-wide level with information that will answer long-held questions 
about this paradoxical upregulation.  
 
Future directions 
Our studies on the cis-acting regulatory uORFs raise a number of questions. We review 
and empirically identify that uORFs are more pervasive than originally anticipated. 
Studies like Johnstone et al. (2016) start to answer the function of uORFs genome-wide. 
However, the studies here are correlative rather than causative. Moreover, our studies in 
the context of the UPR suggest that eIF2α-limited re-initiation alone is insufficient to 
 
98 
explain CDS upregulation under stress. By incorporating ribosome profiling data studies 
at known and newly identified uORFs, we can start to ask questions about the 
mechanism for CDS-specific upregulation while maintaining uORF expression. Looking 
at this question genome-wide may provide information that follows the pattern of 
ribosome trafficking, especially in association with other ribosome profiling studies that 
probe ribosome translation status using drugs or knockouts (Lareau et al. 2014, 
Guydosh and Green 2014).  
 
We also raise many questions by extending our understanding of trans-acting post-
transcriptional regulators. We verified a handful of candidates; however, our data 
indicate that many more await identification and validation. Moreover, we can use HITS-
CLIP and CLIP-MS to address what transcripts are being targeted as well as the 
mechanistic details of how candidates post-transcriptionally regulate their targets. While 
we aim to answer some of these questions for a select number of candidates, the 
screening technique is applicable to additional biological systems. In particular, we can 
ask how and why unexpected hits such as the glycolysis enzyme Cdc19p bind RNA. We 
propose that by characterizing the regulatory effect, target RNAs, and co-activators, we 
can understand a system of metabolic regulation that can extend to other metabolic 
RBPs. Moreover, as many of these enigmRBPs are conserved from yeast to humans 





Genome-wide studies have revealed that post-transcriptional regulation is both 
pervasive and essential. To understand the mechanisms of post-transcriptional 
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regulation, we need to both catalog and functionally characterize the cis- and trans-
acting factors that contribute to the complex networks that underlie transcript stability 
and translational efficiency. Our comprehensive analyses on the cis-acting uORFs and 
trans-acting post-transcriptional regulators advances our study of post-transcriptional 
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Results 
ISRIB prevents formation of stress granules exclusively triggered by eIF2α 
phosphorylation 
 
Phosphorylation of eIF2α and reduction of ternary complex formation are tightly linked to 
the formation of stress granules (SGs) (Kedersha et al., 2002). ISRIB renders cells 
insensitive to the effects of eIF2α phosphorylation, thus leading to the prediction that it 
prevents SG formation as well. We tested this hypothesis by inducing SG formation 
using thapsigargin (Tg), a potent ER stressor that inhibits the ER calcium pump and was 
recently shown by ribosome profiling to yield analogous translational effects to 
tunicamycin (Reid et al., 2014). Microscopic detection of SGs required a stronger 
induction of ER stress than commonly achieved with Tm, making Tg the preferred 
inducer. We monitored SGs by performing immunofluorescence on eIF3a, a translation 
initiation factor that is recruited into SGs. As expected, we found that ISRIB significantly 
reduced their assembly upon co- treatment with Tg (Figure A1-2A,B). In addition, ISRIB 
prevented SG formation induced by arsenite (Ars), another widely used inducer of eIF2α 
phosphorylation via activation of HRI. As expected, both treatments induced eIF2α 
phosphorylation but only Tg induced the ER-resident kinase, PERK, as seen by its shift 
in mobility that is due to its extensive auto-phosphorylation (Figure A1-2C). Both the 
PERK mobility shift and eIF2α phosphorylation elicited by Tg treatment were blocked by 
a PERK inhibitor (GSK707800; Axten et al., 2012) but not by ISRIB. Like ISRIB, and as 
expected by the block in eIF2α phosphorylation, the GSK PERK inhibitor prevented SG 





Figure A1-2. ISRIB blocks stress granule formation induced by eIF2α phosphorylation.  
(A) Immunofluorescence analysis (eIF3a) of U2OS cells treated with 200 nM Tg for 1 hr, 250 μM Ars for 30 
min, or 100 nM Pat A for 30 min in the presence or absence of 200 nM ISRIB or 1 μM GSK797800 PERK 
inhibitor. A secondary Alexa Dye 488 anti-rabbit antibody was used to visualize eIF3a and DAPI was used to 
visualize nuclei. Representative images of at least two biological replicates are shown. (B) Quantitation of 
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the percentage of cells containing stress granules in the different conditions described in A. Images were 
collected from at least two independent experiments and the number of cells with SGs or no SGs counted. 
The total number of cells counted for each condition was (sum of all replicates): Control (N = 81), ISRIB (N = 
94), Tg (N = 122), Tg + ISRIB (N = 71), Ars (N = 85), Ars + ISRIB (N = 84), Pat A (N = 47) and Pat A + 
ISRIB (N = 64). No cells had SGs in Tg + PERK inh (N = 71). p-values are derived from a Student’s t-test, *p 
< 0.05. (C) Immunoblot analysis of PERK, phospho eIF2α, and total eIF2α in U2OS cells treated as in A. 
Hippuristanol (Hipp) was used at 300 nM for 30 min. The right blot was overexposed to confirm the absence 
of induction of eIF2α phosphorylation upon Pat A and Hipp treatment. A representative blot of three 
independent experiments is shown. The asterisk (*) represents a background band or degradation product. 
DOI: 10.7554/eLife.05033.009 
 
SG formation can also be induced in the absence of eIF2α phosphorylation by inhibiting 
the eIF4A helicase, which is part of the cap-binding eIF4F complex (Mazroui et al., 
2006). Pateamine A (Pat A) binds to and inhibits this enzyme and blocks scanning of the 
PIC and translation initiation (Dang et al., 2006). In agreement, Pat A-induced SG 
formation but it did not cause eIF2α phosphorylation (Figure A1-2A,C). In contrast to 
phospho-eIF2α-induced SGs, Pat-A-induced SGs were not reduced by ISRIB (Figure 
A1-2A,B). Thus, ISRIB blocks phospho-eIF2α-dependent SG induction selectively. 
 
ISRIB triggers rapid disassembly of stress granules and restores translation 
 
To visualize SG formation in living cells and to assess the effects of ISRIB on pre-formed 
SGs, we took advantage of a stable cell line expressing G3BP fused to GFP (Kedersha 
et al., 2008). In contrast to cell lines that overexpress SG-associated RNA binding 
proteins like G3BP, in this single clone-derived cell line, low expression of the fusion 
protein preserves stress-dependent regulation of SG assembly. We confirmed that in 
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this cell line ISRIB significantly reduces SG formation driven by stresses that cause 
eIF2α phosphorylation (Tg and Ars) but not by phospho-eIF2α-independent induction 
through eIF4A inhibition (Pat A and hippuristanol [Hipp]) (Figure A1-3A,B) (Cencic et al., 
2012). To match the strength of the stresses used in these experiments and minimize 
the toxic effects of these agents, we used the shortest incubation time and the lowest 
concentration of each stressor that resulted in SG formation in the majority of cells. 
ISRIB has an EC50 of 5 nM as previously measured using an uORFs- ATF4-driven 
luciferase reporter in HEK293T cells (Sidrauski et al., 2013). In close agreement with the 
high potency measured in the reporter assay, ISRIB significantly reduced SG formation 
even at concentrations as low as 2 nM in U2OS cells and as expected, an inactive 
analog, ISRIBinact, did not reduce their formation (Figure A1-3—figure supplement A1-
1). 
 
Treatment of cells with CHX disassembles SGs in the presence of ongoing stress 
(Kedersha et al., 2000; Mollet et al., 2008). This observation as well as other 
pharmacological and microscopy data revealed that SGs are highly dynamic structures 
with mRNAs quickly shuttling in and out. When these mRNAs leave SGs, translation is 
reinitiated; CHX then immobilizes elongating ribosomes and prevents mRNA re-entry 
into SGs. Because polyribosome disassembly is blocked by CHX yet required for SG 
assembly, CHX treatment dissolves pre-formed SGs. As seen in Figure 3C, a 10-min 
treatment with CHX following Tg induction of SGs (40 min) was sufficient to observe 
disassembly. Like CHX, ISRIB addition disassembled SGs within 10 min, even in the 
prolonged presence of the stressor Tg (Figure A1-3C). Whereas ISRIB restored 
translation of mRNAs that are liberated from SGs, as seen by the quick recovery in 
[35S]-methionine incorporation, CHX further reduced protein synthesis (Figure A1-3D 
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and Figure A1-3—figure supplement A1-2). These experiments demonstrate that ISRIB 
triggers disassembly of pre-formed SGs by loading dissociating mRNAs with actively 
translating ribosomes. 
 
We next looked at the kinetics of SG disassembly upon ISRIB addition. Strikingly, after 
only 5 min of ISRIB treatment, Tg-induced SGs were no longer observed in cells (Figure 
A1-3E and Video A1-1). We also investigated the impact of ISRIB on P-bodies, a 
molecularly distinct class of RNA aggregates that serve as centers of mRNA decay 
(Kedersha and Anderson, 2009). The mRNA decay factor Dcp1 serves as a marker for 
these structures, and we visualized them in living cells using the fusion protein Dcp1-
RFP. We saw that P-bodies were constitutively present in a percentage of the cells and 
were not affected by ISRIB treatment or by the stressors used to induce SGs over the 






Figure A1-3. ISRIB addition rapidly dissolves pre-formed stress granules in live cells restoring 
translation.  
(A) Live cell imaging of stress granules in U2OS cells stably expressing G3BP-GFP (SG marker). Cells were 
treated with 200 nM Tg for 40 min, 250 μM Ars for 30 min, 100 nM Pat A for 30 min, or 300 nM Hipp in the 
presence or absence of 200 nM ISRIB. Cells were imaged using an epifluorescence microscope. 
Representative images of at least two biological replicates are shown. (B) Quantitation of the percentage of 
cells containing stress granules in the different conditions described in A. Images were collected from at 
least two independent experiments and the number of cells with SGs or no SGs counted. The number of 
cells analyzed for each condition was (sum of replicates): Control (N = 98), ISRIB (N = 81), Tg (N = 101), Tg 
+ ISRIB (N = 84), Ars (N = 80), Ars + ISRIB (N = 55), Pat A (N = 58), Pat A + ISRIB (N = 50), Hipp (N = 41) 
and Hipp + ISRIB (N = 52). p-values are derived from a Student’s t-test, *p < 0.05. (C) Stress granules were 
pre-formed with Tg for 40 min (as in Figure 3A) and then CHX (50 μg/ml) or ISRIB (200 nM) was added to 
the well, incubated for 10 min and images were collected. Representative images of at least two biological 
replicates are shown. (D) ISRIB quickly restores mRNA translation upon disassembly of stress granules. 
Cells were treated as in C with 200 nM Tg for 40 min and then DMSO, CHX (50 μg/ml), or ISRIB (200 nM) 
was added at the same time as [35S]-methionine. Cells were lysed after 15 min, protein was run in an SDS-
PAGE gel and radioactivity was measured in each lane (N = 2, mean ± SD). (E) ISRIB quickly dissolves 
 
108 
stress granules but does not affect P-bodies. Live cell imaging of U2OS cells stably expressing G3BP-GFP 
(SG marker) and Dcp1-RFP (P-body marker). Cells were treated with 200 nM Tg for 45 min followed by 
addition of 200 nM ISRIB at t = 0 min to the well and then imaged using spinning disk confocal microscopy. 
Images were collected every 30 s. The red arrows point to two representative P-bodies. Representative 
images of at least three biological replicates are shown. 
DOI: 10.7554/eLife.05033.010 
 
The following figure supplements are available for figure A1-3: 
Figure supplement A1-1. ISRIB dose response and inactive analog in stress granule assay. 
DOI: 10.7554/eLife.05033.011 
Figure supplement A1-2. Representative SDS-PAGE gel of [35S]-methionine pulse as described in 







ISRIB triggers stress granule disassembly. 
U2OS cells stably expressing G3BP-GFP (SG marker) and Dcp1-RFP (P-body marker) were treated with 
200 nM Tg for 40 min and then 200 nM ISRIB was added at t = 0 min to the well and imaged using an 







ISRIB does not trigger disassembly of P-bodies. 






Stress granule dynamics and ISRIB 
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The dynamic nature of SGs allowed us to monitor the action of ISRIB upon its addition to 
live cells in real time. Strikingly, addition of ISRIB to stressed cells with pre-formed SGs 
lead to their quick dissolution (less than 5 min), liberating mRNAs back into the 
translational pool. A pulse of [35S]-methionine confirmed the fast recovery in protein 
synthesis even in the presence of stress. Although the molecular target of ISRIB remains 
unknown, its quick action suggests a direct effect on translation initiation. Phospho-
eIF2α resistance has been observed both in yeast and in mammalian cells. In yeast, 
mutations in eIF2B (the GEF for eIF2) and eIF5 (the 48S PIC-associated GTPase-
activating protein for eIF2) have been reported to make cells insensitive to this 
phosphorylation event (Vazquez de Aldana and Hinnebusch, 1994; Pavitt et al., 1997, 
1998). In mammalian cells, TLR4 engagement in macrophages leads to increased eIF2B 
activity by removal of an inhibitory phosphorylation and insensitivity to ISR activation 
(Woo et al., 2012). Thus, ISRIB may directly or indirectly enhance the activity of eIF2B, 
eIF5, or other initiation factors, thus quickly reversing the cellular effects of 
phosphorylated eIF2α. 
 
SGs contain a large number of RBPs that harbor low complexity sequence domains that 
nucleate through transient, low affinity interactions (Kato et al., 2012). These RBPs 
usually contain several RNA-binding domains and can associate with more than one 
mRNA; this multi-valency further favors the coalescence of RNA-protein granules. A 
conspicuous feature of some degenerative diseases is the cytoplasmic or nuclear 
aggregation of RBPs, driven in some cases by pathogenic mutations. TDP-43 and FUS 
mutations are found in amyotrophic lateral sclerosis (ALS) and frontotemporal lobar 
degeneration (FTLD) (Li et al., 2013), and mutations in hnRNPA1 and hnRPNPA2/B1 
have also been found in ALS (Kim et al., 2013). Recent reports have also described the 
presence of RNA and RBPs in aggregates that form in prion disease, tauopathies, and 
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Alzheimer’s (Vanderweyde et al., 2012; Ash et al., 2014). The impact of these cytosolic 
aggregates on SG dynamics is not known, though they may hamper the ability of SGs to 
properly dissolve, thereby contributing to sustained translational attenuation and 
neurodegeneration. By quickly disassembling SGs even in the presence of stress, ISRIB 
may provide a useful therapeutic intervention in these diseases by antagonizing the 
cellular effects of pathogenic RNA-protein assemblies. 
 
Materials and Methods 
Immunofluorescence 
U2OS cells were seeded on 4-well chamber slides (Lab-Tek) 18 hr prior to processing 
for immunofluorescence. Cells (80% confluent) were fixed with ice-cold methanol. The 
cells were then rinsed with PBS (Sigma) and blocked for 1 hr at room temperature in 
0.5% BSA in PBS. The cells were then incubated overnight at 4 ̊C with an anti-eIF3A 
rabbit antibody (#3411; Cell Signaling Technology) at a 1:1000 dilution in blocking buffer. 
The next morning the slides were washed three times (5 min each time) with PBS and 
then incubated for 1 hr at room temperature in a 1:1000 dilution (in 0.5% BSA in PBS) of 
secondary anti-rabbit antibody labeled with Alexa Dye 488 (Molecular Probes). The 
slides were washed three additional times with PBS. The slides were then mounted with 
antifade reagent with DAPI (Life Technologies P-36931). Lastly, the slides were imaged 
using a Zeiss Axiovert 200M epifluorescence microscope. 
 
Live cell microscopy 
U2OS G3BP-GFP/Dcp1-RFP cells were plated in 8-well Lab-Tek chamber slides and 
switched to imaging media (lacking phenol red) upon addition of different stress 
inducers. Cells were either imaged using a Zeiss Axiovert 200M epifluorescence 
microscope or in a heated chamber using a spinning confocal epifluorescence 
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microscope (Eclipse Ti-Nikon) and an Andor iXon3 camera. 
 
Protein analysis 
Cells were washed with PBS and lysed in SDS-PAGE loading buffer (1% SDS, 62.5 mM 
Tris–HCl pH 6.8, 10% glycerol). Lysates were sonicated and loaded on Any-kD SDS-
PAGE gels (BioRad). Proteins were transferred onto nitrocellulose and probed with 
primary antibodies diluted in Tris-buffered saline supplemented with 0.1% Tween 20 and 
5% BSA. The following antibodies were used: PERK (D11A8) (1:1000), eIF2α (#9722; 
Cell Signaling technology) (1:1000), phospho-eIF2α (Ser51) (44728G; Invitrogen). An 
HRP-conjugated secondary antibody (Amersham) was employed to detect immune-
reactive bands using enhanced chemiluminescence (SuperSignal, Thermo Scientific). 
 
[35S]-methionine incorporation 
U2OS GFP-G3BP/mRFP-DCP1a cells were seeded on 12-well plates, allowed to 
recover overnight and treated with 100 nM Tg for 40 min. ISRIB (200 nM) or CHX (50 
μg/ml) was added at the same time as 50 μCi of [35S]-methionine (Perkin Elmer) and 
incubated for 15 min. Cells were lysed by addition of SDS-PAGE loading buffer. Lysates 
were sonicated and equal amounts were loaded on SDS-PAGE gels (BioRad). The gel 
was dried and radioactive methionine incorporation was detected by exposure to a 








Figure A1-3—figure supplement A1-1. 
ISRIB dose response and inactive analog in stress granule assay. 
(A) Live cell imaging of SGs in U2OS cells stably expressing G3BP-GFP. Cells were treated with 200 nM Tg 
and different doses of ISRIB (as indicated) or 2 μM of an inactive analog of ISRIB (ISRIBinact). 
Representative images of at least two biological replicates are shown. (B) Quantitation of the percentage of 
cells containing stress granules in the different conditions. The number of cells analyzed for each condition 







Figure A1-3—figure supplement A1-2. 
Representative SDS-PAGE gel of [35S]-methionine pulse as described in Figure 3D. 
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